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1. KURZFASSUNG 
Das Ziel dieser Arbeit ist es, die Sedimentation planktischer Foraminiferen unter den 
besonderen physikalischen und biologischen Bedingungen, wie sie in einem vom 
Küstenauftrieb beeinflußten östlichen Randstrom auftreten, zu untersuchen. Diese 
Untersuchungen sollen zu einem besseren Verständnis der Dynamik von Auftrieb und 
biologischer Produktion beitragen und die Basis liefern, um aus der Analyse fossiler 
Foraminiferengemeinschaften die Paläoumweltbedingungen im Bereich des Peru-Chile Stromes 
zu rekonstruieren. Die übergeordnete wissenschaftliche Fragestellung setzt sich dabei mit der 
Rolle des Peru-Chile Stromes im globalen Kohlenstoffkreislauf auseinander. 
Die heutige Sedimentation planktischer Foraminiferen wurde mit Hilfe von zeitgeschalteten 
Sedimentfallen untersucht, die bei 30°S ca. 100 sm vor der chilenischen Küste in verschiedenen 
Wassertiefen verankert waren. Die bearbeiteten Zeitserien decken sowohl "normale" 
Bedingungen 1993/1994 (1 Jahr) wie auch El Nino Bedingungen 1991/1992 (6 Monate) ab. 
Unter normalen Bedingungen zeigt der Partikelfluß ein deutliches saisonales Muster mit einem 
ausgeprägten Maximum im September, das etwa zwei Monate nach dem Maximum der 
Phytoplanktonblüte auftritt. Nahezu die Hälfte des jährlichen Gesamtflusses in Höhe von 
65 g m" besteht aus Karbonat. Die planktischen Foraminiferen sind einer der wichtigsten 
Bestandteile des Karbonatflusses und gelten außerdem als ausgezeichnete Klimaanzeiger. 
Unter normalen Bedingungen tritt zwischen August und Februar ein hoher und während des 
restlichen Jahres ein geringer Foraminiferenfluß auf. Der höhere Foraminiferenfluß fällt zeitlich 
mit einer Periode andauernden Auftriebs zusammen, die sich in den Daten der stabilen 
Sauerstoff- und Kohlenstoffisotope der planktischen Foraminiferen Neogloboquadrina 
pachyderma (dex.) und Globigerina bulloides widerspiegelt. Zwischen Februar und Juni 
weisen diese Isotopendaten auf eine stratifizierte Wasserschichtung hin. Diese sich ändernden 
Umweltbedingungen bilden sich zum Teil auch in der Artenverteilung der planktischen 
Foraminiferen ab. 
Der Gesamtfluß und der Foraminiferenfluß sind unter El Nino- und normalen Bedingungen in 
ihren Größenordnungen sehr ähnlich. Unterschiede zeigen sich dagegen in der 
Zusammensetzung. Höhere Gehalte an lithogenem Material und an organischer Substanz unter 
El Nino Bedingungen sind wahrscheinlich auf stärkere Niederschläge an Land, daraus 
resultierenden größeren Flußeinträgen in den Ozean und damit verbundene Veränderungen der 
Sedimentationsbedingungen zu erklären. Veränderungen in der Artenzusammensetzung der 
planktischen Foraminiferen sind in erster Linie auf höhere Meeresoberflächentemperaturen 
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zurückzuführen. Die Isotopendaten deuten auf eine deutliche Absenkung der Thermokline 
unter El Nino Bedingungen hin. 
Die hohen Foraminiferenflüsse im Peru-Chile Strom mit durchschnittlich 
4000 Schalen (>150um) m" d" verdeutlichen, daß dieses Gebiet unter normalen Bedingungen 
eines der produktivsten Auftriebsgebiete im Pazifik und wahrscheinlich im Weltozean ist. Dies 
gilt auch für das El Nino Jahr 1991/1992, in dem immer noch 3000 Schalen (>150um) m* d" 
aufgefangen wurden. 
Auf der Basis mikropaläontologischer und isotopischer Untersuchungen konnte für die letzten 
13.300 Jahre eine Rekonstruktion der Paläozeanographie im Peru-Chile Strom durchgeführt 
werden. Dazu wurde ein Sedimentkern bearbeitet, die bei ca. 33°S vom chilenischen 
Kontinentalhang aus 2545 m Wassertiefe gewonnen wurde. Mit diesen Untersuchungen sollte 
festgestellt werden, ob und inwieweit sich das Produktionsregime im Peru-Chile Strom beim 
Übergang von der Abschmelzphase der letzten Vereisung ins Holozän verändert hat. 
Sowohl die Akkumulationsrate der planktischen Foraminiferen als auch deren 
Artenzusammensetzung deutet auf einen stärkeren Auftrieb und auf eine höhere Produktivität 
während der Abschmelzphase hin. Nach einem drastischen Rückgang der Produktivität zu 
Beginn des Holozäns blieben die Umweltbedingungen im frühen und im mittleren Holozän 
relativ konstant. Seit 3.000 Jahren vor heute sind deutliche Hinweise auf ein verstärktes 




Seit einigen Jahren ist die zukünftige Entwicklung des Klimas der Erde, insbesondere der 
Einfluß menschlicher Aktivitäten auf die Beziehung zwischen Klima und Ökosystem, ein immer 
wiederkehrendes Diskussionsthema (Houghton et al., 1990). Im Mittelpunkt dieser 
Überlegungen steht der globale Kohlenstoffkreislauf, dessen Dynamik bisher allerdings noch 
nicht ausreichend verstanden ist, um Auswirkungen des anthropogenen Einflusses abschätzen 
zu können. Ein Beispiel für diesen Einfluß ist die Zunahme von Treibhausgasen in der 
Atmosphäre (besonders C02; Keeling, 1993), die weitreichende Auswirkungen auf den 
Strahlungshaushalt und somit auf das Klima unserer Erde hat. 
Seit der verstärkten anthropogenen Nutzung der Böden und der Industrialisierung sind große 
Mengen von Treibhausgasen an die Atmosphäre abgeben worden (Siegenthaler und Sarmiento, 
1993). Die Anzeichen mehren sich, daß durch die Verbrennung fossiler Energieträger und die 
Abholzung der Wälder in den nächsten Jahrzehnten eine weltweite Erwärmung eintreten wird 
(Houghton et al., 1990). In erster Näherung können die Zusammenhänge zwischen C02-
Gehalt der Atmosphäre und unserem Klima anhand der erdgeschichtlichen Entwicklung 
erkannt werden. Eiskernanalysen zeigen zum Beispiel einen erhöhten atmosphärischen C02-
Gehalt für Interglazial- und deutlich niedrigere Werte für Glazialzeiten (Barnola et al, 1987). 
Um die Auswirkungen dieser Treibhausgase, vor allem des Kohlendioxids, auf das Klima 
besser abschätzen zu können, muß die Verteilung der Treibhausgase zwischen Atmosphäre und 
Ozean bestimmt werden, sowie die Ablagerung von Kohlenstoff im Sediment. 
Der Ozean spielt eine wichtige Rolle im globalen Kohlenstoffkreislauf. Da der Ozean etwa 
fünfzigmal mehr C02 als die Atmosphäre enthält, können sich kleine Änderungen im C02-
Austausch zwischen Ozean und Atmosphäre gravierend auf den C02-Gehalt der Atmosphäre 
auswirken. Heute verbleiben beispielsweise nur etwa 50% vom anthropogen freigesetzten C02 
in der Atmosphäre, etwa 40% wird vom Ozean aufgenommen (der Verbleib des Rests ist nicht 
bekannt). Das Weltmeer verzögert und dämpft also die vom Menschen verursachten 
Klimaänderungen. 
Von besonderer Bedeutung für den C02-Kreislauf sind die Hochproduktionsgebiete der 
Ozeane, die durch extrem hohe Stoffumsätze gekennzeichnet sind. Zu den 
Hochproduktionsregionen der Ozeane zählen u. a. die östlichen Randströme (Eastem 
Boundary Currents, EBC), z.B. vor Chile und Peru. Hier bewirkt der Auftrieb von kaltem und 
nährstoffreichem Wasser einen starken Wärmetransport von der Atmosphäre in den Ozean und 
in umgekehrter Richtung eine intensive Abgabe von C02 an die Atmosphäre (Shaffer, 1993). 
Außerdem werden, bedingt durch den Auftrieb von Nährstoffen, große Mengen von C02 
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durch die Photosynthese in organischer Substanz fixiert, und dabei der Atmosphäre wieder 
entzogen (ShafFer, 1993). Folglich hängt die C02-Bilanz in den östlichen Randströmen vom 
Zusammenspiel zwischen physikalischen (Auftrieb: C02 - Quelle) und biologischen Prozessen 
(Produktion: C02 - Senke) ab 
Unter den östlichen Randströmen hebt sich der Peru-Chile Strom mit seiner sehr langen Nord-
Süd-Erstreckung über 40 Breitengrade und seinem kontinuierlichen Küstenauftrieb deutlich 
hervor. Er zählt zu den produktivsten Regionen des Weltozeans (>200 gC m2 a1) (Berger et 
al, 1987). Basierend auf Satellitendaten des Coastal Zone Color Scanner (CZCS) haben 
Thomas et al. (1994) den saisonalen Zyklus der biologischen Produktion vor Chile 
beschrieben. Diese Daten, die die Konzentration von Chlorophyll a im Oberflächenwasser 
wiedergeben, zeigen einen ausgeprägten saisonalen Zyklus mit maximalen Konzentrationen im 
Südwinter (>1 mg m3, Juli - September) und Minima im Südsommer (<0.3 mg m"3, Dezember 
- April) (Abb. 3.1.2 und 3.2.3). Diese Angaben beruhen auf einer achtjährigen Meßreihe, 
während der auch deutliche interannuelle Schwankungen auftraten (Thomas et al., 1994). 
Interannuelle Variationen spielen im Peru-Chile Strom eine wichtige Rolle, weil die Region von 
sogenannten ENSO-Ereignissen (El Nino/Southern Oscillation) beeinflußt wird. Diese 
natürlichen Klimavariationen treten im Mittel alle fünf bis sieben Jahre auf und beeinflussen das 
gesamte Klimasystem und die Hydrographie entlang der südamerikanischen Westküste. Die 
Auswirkungen dieser saisonalen und interannuellen Variationen auf die Sedimentation können 
mit mehrjährigen Sedimentfallenuntersuchungen erfaßt werden, wie sie im Rahmen dieser 
Arbeit durchgeführt wurden. 
Um das Verständnis der Dynamik solcher Auftriebs- und Produktionssysteme zu verbessern, 
sind vergleichende Studien von Auftriebs- und Produktionsindikatoren besonders wichtig. Die 
Verwendung von planktischen Foraminiferen für solche Studien wurde vielfach erprobt, wobei 
Informationen über die Produktivität im Oberflächenwasser aus den Flußraten und aus der 
Faunenzusammensetzung der Foraminiferen gewonnen werden können (z.B. Kroon und 
Ganssen, 1989; Sautter und Thunnel, 1989; Ortiz und Mix, 1992). Der Aufbau der oberen 
Wassersäule und somit das Auftriebsgeschehen läßt sich dagegen anhand der Untersuchung 
stabiler Isotope in den Kalkschalen der planktischen Foraminiferen analysieren (z.B. Kroon und 
Ganssen, 1989; Sautter und Thunnel, 1991; Donner und Wefer, 1995; Wefer et al, 1996). So 
kann zum Beispiel ein Vergleich der Isotopendaten planktischer Foraminiferen, die 
unterschiedliche Lebensräume bevorzugen, Aussagen über Schwankungen der Tiefe der 
Thermokline und der Auftriebsintensität ermöglichen (Ravelo und Fairbanks, 1992; Steens et 
al, 1992). 
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Durch die Gewinnung vergleichbarer Daten von fossilen Foraminiferen-Vergesellschaftungen, 
wie sie z.B. in Sedimentkernen gefunden werden, können frühere Umweltbedingungen 
rekonstruiert werden. Informationen über die marine Produktivität und das Auftriebsgeschehen 
im Verlauf der spätquartären Klimazyklen sind gerade vor dem Hintergrund der parallel zu den 
Glazial/Interglazial-Zyklen verlaufenden Variationen des C02-Gehaltes in der Atmosphäre 
(Barnola et al., 1987; Thiede und Jünger, 1992) von großer Bedeutung. Die niedrigen 
atmosphärischen C02-Gehalte während der Glaziale werden, zumindest teilweise, auf eine 
Erhöhung der marinen Produktivität zurückgeführt (Berger et al., 1989). Das Wissen über die 
genauen zeitlichen und räumlichen Schwankungen sowie das Ausmaß der marinen 
Produktivität ist aber noch immer unzureichend. Wegen der Bedeutung der 
Hochproduktionsregionen für den globalen Kohlenstofikreislauf, sind signifikante 
Glazial/Interglazial-Schwankungen der Produktivität vermutlich in diesen Gebieten zu 
erwarten. Für die äquatorialen Divergenzzonen und die Küstenauftriebsgebiete gibt es 
Hinweise für eine erhöhte glaziale Produktivität (Lyle, 1988; Mix, 1989; Sarnthein und Winn, 
1990; Berger und Herguera, 1992). Widersprüchliche Ergebnisse wurden jedoch für den 
südlichen Ozean veröffentlicht. Daten, die eine erhöhte glaziale Produktivität (Keir, 1990), wie 
auch solche die eine verringerte glaziale Produktivität anzeigen (Mortlock et al., 1991), 
werden heute im Sinne einer Nordverschiebung der Hauptproduktionszonen während der 
Glaziale interpretiert (Mackensen et al., 1994). Über die Paläoproduktivität im südlichen Teil 
des Peru-Chile Stromes ist dagegen nichts bekannt. 
2.1 Fragestellung 
Im Rahmen dieser Arbeit soll erstmalig versucht werden, durch kombinierte Untersuchungen 
an Sedimentfallen und Sedimentkernen aus dem Küstenauftriebsgebiet vor der chilenischen 
Küste (30°-33°S) das Abbild der heutigen Umweltbedingungen im Sediment zu erfassen und 
ihre Entwicklung in diesem Meeresgebiet während der letzten 13.000 Jahre zu rekonstruieren. 
Im Mittelpunkt dieser Arbeit steht die Analyse der Verteilung planktischer Foraminiferen und 
deren Artenzusammensetzung unter heutigen Bedingungen, während der Abschmelzphase und 
während des Holozäns (Kap. 3.1 und 3.3). 
Die Untersuchungen der rezenten Verhältnisse stützen sich auf Sedimenfallen und befassen sich 
mit den saisonalen und interannuellen Veränderungen im Foraminiferenfluß. Diese saisonalen 
Veränderungen sollen im Zusammenhang mit den variierenden Umweltbedingungen (saisonal 
und interannuell (El Nino)) untersucht werden. Aussagen zur Oberflächentemperatur und zur 
Struktur der Wassersäule des Ozeans ermöglicht die Bestimmung der Verhältnisse stabiler 
Kohlenstoff- und Sauerstoffisotope in den Kalkschalen planktischer Foraminiferen (Kap. 3.1 
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und 3.2). Das Ziel dieser Untersuchungen ist es, zu einem besseren Verständnis des 
Zusammenspiels zwischen Auftrieb und Produktivität unter den besonderen physikalischen und 
biologischen Umweltbedingungen im Peru-Chile Strom als einem typischen östlichen 
Randstrom beizutragen. 
Die Rekonstruktion der Paläoumweltbedingungen stützt sich auf die Analyse eines 
Sedimentkernes vom chilenischen Kontinentalhang, an dem die Artenzusammensetzung der 
Foraminiferen und die Verhältnisse der stabilen Kohlenstoff- und Sauerstoffisotope analysiert 
wurden (Kap. 3.3). Die Sauerstoffisotopen-Verhältnisse und 14C AMS-Datierungen sind 
Grundlage der zeitlichen Einstufung der Sedimente. Das Ziel dieser Untersuchungen ist die 
Rekonstruktion der Paläoproduktivität und der Paläozeanographie im Peru-Chile Strom im 
Verlauf der letzten 13.000 Jahre vor dem Hintergrund der globalen Klimaentwicklung. 
Folgende Fragestellungen sind in diesem Zusammenhang von Bedeutung: 
- Welches sind die charakteristischen Foraminiferenvergesellschaftungen im Peru-Chile 
Strom? 
- Wie bilden sich die saisonalen Veränderungen der Umweltbedingungen im 
Foraminiferenfluß und im Gesamtpartikelfluß ab? 
- Welche Signale können als Auftriebs- und als Produktivitätsindikator genutzt werden? 
- Wie verändert sich der Partikelfluß mit zunehmender Wassertiefe? 
- Wie bilden sich El Nino-Ereignisse im Foraminiferenfluß und im Gesamtpartikelfluß im 
Peru-Chile Strom ab? 
- Wann und in welchem Ausmaß beeinflusste das "Equatorial Subsurface Water" und das 
"Subtropical Snrface Water" das Arbeitsgebiet? 
- Wie veränderte sich die Faunenzusammensetzung planktischer Foraminiferen im Verlauf der 
letzten 13.000 Jahre? 
- Wie variierten die Produktivität und die Auftriebsintensität während des Übergangs vom 
letzten Glazial zum Holozän? 
- Sind El Nino-Ereignisse bereits in der Abschmelzphase und im fiühen Holozän aufgetreten? 
2.2 Planktische Foraminiferen in der Paläozeanographie 
Die Gehäuse planktischer Foraminiferen sind in weiten Bereichen der Ozeane eine 
Hauptkomponente der Sedimente. Die ca. 45 heute vorkommenden Arten (Hemleben et ai, 
1989) haben Be und Tolderlund (1971) in ein geographisches Zonierungsschema eingeteilt, das 
in erster Linie die klimatischen Präferenzen der einzelnen Arten widerspiegelt. Danach lassen 
sich die planktischen Foraminiferen in fünf klimatisch definierte Faunenvergesellschaftungen 
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untergliedern (polar, subpolar, transitional, subtropisch und tropisch), die sich größtenteils 
parallel zu den Breitengraden über die Weltmeere verteilen. In Gebieten, die durch 
ozeanographische Sondersituationen, wie z.B. den Auftrieb kälteren Wassers, gekennzeichnet 
sind, wird diese grobe Einteilung jedoch modifiziert. 
Zur Rekonstruktion hydrographischer Daten, wie z.B. der Meeresoberflächentemperatur, 
wurde von Imbrie und Kipp (1971) die sogenannte Transfer-Funktion eingeführt. Dabei 
handelt es sich um eine kombinierte Faktoren- und Regressionsanalyse, welche rezente 
Faunenvergesellschaftungen mit heutigen Umweltbedingungen korreliert. Solche Transfer 
Funktionen sowie die Modern Analog Technique (MAT) (Hutson, 1980) sind häufig 
eingesetzte Methoden zur Rekonstruktion von Oberflächentemperaturen. Mit diesen 
statistischen Ansätzen wurde auch versucht, die Artenverteilung planktischer Foraminiferen für 
die Ermittlung der Produktivität heranzuziehen (Mix, 1989). In Auftriebsgebieten wie dem 
küstennahen Bereich des Peru-Chile Stromes, die durch starke Schwankungen sowohl der 
Oberflächentemperatur und als auch der Produktivität gekennzeichnet sind, ist diese Methode 
jedoch kaum nutzbar. 
In den 50er-Jahren wurde erkannt, daß die Zusammensetzung der Sauerstoffisotope im 
Gehäusekarbonat von Foraminiferen als wichtiges Werkzeug für die Stratigraphie und die 
Paläozeanographie dienen kann (Emiliani, 1954, 1955, 1966, 1971; Shackleton und Opdyke, 
1973). Von Imbrie et al. (1984) und Martinson et al. (1987) wurden normierte Standard-
Sauerstoffisotopenkurven veröffentlicht, die die unterschiedlichen Verhältnisse der 
Sauerstoffisotopen des Meerwassers im Glazial-Interglazialwechsel widerspiegeln. Diese 
Standardkurven wurden an den Milankovitch-Zyklen, welche das globale Klima im Spätquartär 
steuern, zeitlich geeicht. 
Da die Sauerstoffisotopenfraktionierung zwischen Wasser und Karbonat temperaturabhänging 
ist, konnte McCrea (1950) neben zahlreichen anderen Autoren eine Paläotemperatur-
Gleichung zur Rekonstruktion von Oberflächenwassertemperaturen aus den Isotopendaten 
entwickeln. Betrachtet man die Isotopendaten von Foraminiferenarten, die unterschiedliche 
Tiefenhabitate haben, können aus diesen Daten u.a. auch Informationen über die Struktur der 
oberen Wassersäule gewonnen werden (Mulitza et al., 1996; Wefer et al., 1996). 
Aus dem Bereich des südlichen Peru-Chile Stromes liegen nur sehr wenige Daten über die 
Verteilung planktischer Foraminiferen vor. Eine grobe Übersicht über ihre heutige Verteilung 
entlang der südamerikanischen Küste findet sich bei Boltovskoy (1976). Er beschreibt für den 
Peru-Chile Strom die Grenze zwischen der transitionalen und der subpolaren (hier: 
subantarktischen) Fauna bei etwa 33°S. Über die Veränderungen der Foraminiferenfauna im 
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Verlauf des Spätquartärs liegen für dieses Meeresgebiet nur vereinzelte Daten vom ODP-Leg 
141 (46°S) vor, die jedoch eine sehr geringe stratigraphische Auflösung haben (Schönfeld et 
ed., 1995). 
2.3 Arbeitsgebiet 
2.3.1 Regionale Ozeanographie 
Die südamerikanische Küste wird durch 
das relativ kühle Wasser des Peru-Chile 
Strom Systems geprägt. Auf der 
Südhalbkugel wird zwischen 40° und 45°S 
durch die stetigen Westwinde der 
Antarktische Zirkumpolarstrom (ACC) 
erzeugt, der sich bei Annäherung an den 
südamerikanischen Kontinent in zwei Äste 
aufspaltet, den Cape Hörn Strom (CHC) 
und den Peru-Chile Strom (PCC, 
Subantarctic Surface Water; Humboldt-
Strom). Der PCC verläuft zunächst 
nordwärts, später nordwestwärts entlang 
des südamerikanischen Kontinents und 
schwenkt zwischen 20° und 5°S nach 
Westen ab, wo er in den Südäquatorial-
strom (SEC) übergeht (Boltovskoy, 1976; 
Martens, 1981). 
Abb. 2.1 Schematisiertes Strömungssystem 
im SE-Pazifik. Die Oberflächenströme sind 
durch die offenen Pfeile, die Unterströme 
durch die gefüllten Pfeile gekennzeichnet. 
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Der oberflächennah nordwärts strömende Teil des Peru-Chile Stroms besteht vor der 
chilenischen Küste aus zwei Armen, einem küstenfernen (PCC0zean) und einem küstennahen 
(PCCKüste)- Zwischen den beiden Ästen befindet sich zeitweise eine südwärts gerichtete 
Oberflächenströmung, der Peru-Chile Gegenstrom (PCCC, Subtropical Surface Water). Ein 
zweiter südwärts gerichteter Strom, der aber nur unter besonderen Auftriebsbedingungen an 
die Oberfläche kommt, tritt unmittelbar an der Küste auf. Er wird als Günther Unterstrom 
(GUC, Equatorial Subsurface Water, Humboldt-Unterstrom) bezeichnet (Abb. 2.1) und fließt 
in der Regel in Tiefen zwischen 100 und 400 m Wassertiefe. Zwischen 400 und 1200 m 
Wassertiefe strömt das Antarktische Zwischenwasser nordwärts und unterhalb von 1200 m 
fließt das Pazifische Tiefenwasser südwärts (Strub et al., im Druck; Shaffer et al., 1995). 
2.3.2 Auftrieb 
Aufgrund der Corioliskraft erfolgt der Ekmantransport auf der Südhalbkugel nach links. 
Deshalb wird durch die vorherrschenden Südwinde entlang der chilenischen Küste (nördlich 
von 40°S) ein ablandiger Wassertransport ausgelöst, der kaltes Tiefenwasser aus dem GUC an 
die Oberfläche fördert (Abb. 2.2). Dieser Auftrieb bringt zahlreiche Nährstoffe in die photische 
Zone, die für die Vermehrung des Phytoplanktons sorgen, welches wiederum die 
Nahrungsgrundlage für das Zooplankton und höheres tierisches Leben darstellt. Auf diesem 
Prozeß beruhen auch die extrem hohen peruanischen und chilenischen Fischereierträge im 
Bereich des Peru-Chile Stroms. 
Meeresspiegel 
Küste 
Abb. 2.2 Schematische Darstellung 
des Küstenauftriebsgebiets vor der 
südamerikanischen Westküste. Die 
Meeresoberfläche ist zur Küste hin 
geneigt und die Sprungschicht 
aufgewölbt, wodurch kaltes Wasser 
an die Oberfläche gelangt. Unter dem 
küstenparallelen Peru-Chile Strom 
fließt ein Unterstrom in entgegen-
gesetzter Richtung (nach Arntz und 
Fahrbach, 1993). 
In der Region vor Chile (30°S) begünstigt die Windzirkulation die Intensität des Auftriebs 
während des ganzen Jahres (Strub et al., im Druck). Demgegenüber steht ein deutlicher 
saisonaler Zyklus der Pigmentkonzentration im Oberflächenwasser (Abb. 3.1.2), die als Maß 
für die Produktivität des Ozeans angesehen werden kann. Im Winter werden nach Aufnahmen 
des Coastal Zone Color Scanners Pigmentkonzentrationen in Höhe von >1 mg m' gemessen, 
10 Einleitung 
denen Sommerwerte von <0.3 mg m"3 gegenüberstehen (Thomas et al., 1994). Dieser Kontrast 
ist wahrscheinlich auf die Anwesenheit des Subtropischen Oberflächenwassers während des 
Sommers zurückzuführen (Shaffer etat., 1995), durch das das nährstoffreiche Auftriebswasser 
auf einen engen küstennahen Streifen begrenzt wird. 
2.3.3 £1 Nino-Ereignissc (EN) und die Southern Oscillation (SO) 
Mit Southern Oscillation wird eine im unregelmäßigen Rhythmus von fünf bis sieben Jahren 
wiederkehrende atmosphärische Störung im pazifischen Raum benannt, die sich durch 
Veränderungen von Luftdruckgradienten und durch eine Verschiebung von 
Niederschlagsgebieten auszeichnet. Als Maß für die Southern Oscillation gilt der Southern 
Oscillationsindex (SOI), der die Luftdruckdifferenz zwischen Tahiti und Darwin in 
Nordaustralien angibt. Bei positivem SOI, treten ergiebige Regenfälle in Indonesien und 
Nordaustralien auf, während die Küstenregionen von Ecuador und Peru als Folge der 
Zirkulation, die sich zwischen West- und Ostpazifik einstellt, nur sehr wenig Niederschläge 
erhalten. Über Indonesien steigt die Luft auf (niedriger Luftdruck), während sie über den 
Regionen im Südostpazifik, zwischen den Osterinseln und Peru, niedersinkt (hoher Luftdruck). 
Bei der aufsteigenden Bewegung kühlt sich die Luft, die an der Meeresoberfläche Feuchtigkeit 
aufnimmt, ab, kondensiert und regnet aus. Dadurch wird eine große Menge Energie freigesetzt, 
die die Konvektion aufrecht erhält. Im Gegensatz dazu ist die kalte Luft, die über Peru und 
Chile absinkt, trocken. Bei negativem SOI verlagerte sich die konvektive Aktivität, die 
gewöhnlich über Indonesien liegt, in die Mitte des Pazifik. Dadurch erhalten die Gebiete im 
Westpazifik weniger Regen, das Zentrum und der Ostpazifik dagegen mehr. Tahiti und die 
Polynesischen Inseln werden jetzt von den tropischen Wirbelwinden (Abb. 2.3) beeinflußt 
(Arntz und Fahrbach, 1991; Joussaume, 1993). 
Während der SOI die jeweilige Situation der Luftdruckverteilung im tropischen Pazifik 
(atmosphärische Anomalien) beschreibt, werden durch den Begriff El Nino-Ereignis (EN) 
ozeanographische Anomalien im Ostpazifik beschrieben. Während des EN kommt es zu einer 
starken Erwärmung des Ostpazifischen Oberflächenwassers. Die Korrelation der 
Schwankungen des SOI mit dem Eintreten von EN hat vor allem im englischem Sprachraum 
zur Wortschöpfung ENSO (El Nino Southern Oscillation) geführt, die den Zusammenhang 
zwischen Luftdruckänderung und ozeanographischer Anomalie widerspiegelt. 
Nach der Definition des "Scientific Committee on Oceanic Research" (SCOR) der UNESCO 
spricht man von El Nino, wenn ungewöhnlich warmes Wasser an der südamerikanischen 
Pazifikküste bis mindestens Lima (12°S) auftritt und eine Temperaturerhöhung von etwa 1-
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2°C, für ein starkes EN bis zu 12°C, wenigstens vier Monate (Arntz und Fahrbach, 1991) 
auftritt. Diese begrenzte regionale Definition wird heute allgemein mit einem Absinken der 
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Abb. 2.3 Beim Southern Oscillation/El Nino-Phänomen treten in bestimmten Regionen 
des Pazifik erhebliche Veränderungen sowohl der atmosphärischen als auch der 
ozeanischen Zirkulation auf. Während sich die warmen Wassermassen (a, gerastert) über 
die gesamte äquatoriale Zone ausbreiten, bewegen sich die Niederschläge in östlicher 
Richtung auf das Zentrum des Pazifik, und die Passatwinde schwächen sich ab. Die 
Verringerung der Passatwinde bremst aber den Auftrieb der kalten, nährstoffreichen 
Wassermassen im Ostpazifik (b) und begünstigt die Ausbreitung der warmen 
Wassermassen Richtung Ostpazifik. Dieser Zusammenhang verursacht in allen tropischen 
Regionen über mehrere Monate hinweg anormale Bedingungen (nach Joussaume, 1993). 
El Nino hat tiefgreifende ökologische Konsequenzen für die marinen und terrestrischen 
Ökosysteme der Region. Es verursacht insbesondere z.B. das Ausbleiben des Auftriebs von 
nährstoffreichem Wasser, wodurch die gesamte Nahrungskette bereits am Anfang gestört wird. 
Als Folge davon geht die Produktivität des Phytoplanktons drastisch zurück. Durch den daraus 
resultierenden Nahrungsmangel werden Fische getötet oder zum Abwandern gezwungen und 
auch die Vögel und Säugetiere, die sich von Fischen ernähren, werden in ihrem Bestand 
dezimiert (Joussame, 1993). Entsprechend dramatisch sind auch die wirtschaftlichen Folgen für 
die Küstenstaaten, deren Ökonomie zu einem großen Teil auf dem Fischfang basiert. 
Die letzten ENSO-Ereignisse traten 1982/83 (das intensivste Ereignis seit dem Beginn dieses 
Jahrhunderts), 1986/87 und zwischen 1990/95 (das längste Ereignis seit dem Beginn dieses 
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Jahrhunderts) auf (Trenberth und Hoar, 1996). Obwohl dieses Ereignis nach dem SOI 
kontinuierlich von 1991 bis 1995 angehalten hat, zeigen Daten zu Anomalien der Meeres-
oberflächentemperaturen vor Südamerika (als Maß für El Nino), daß sich dieses Großereignis 
dort nur zeitweise ausgewirkt hat (April 1991 bis Mai 1992, April bis Juni 1993 und November 
1994 bis Februar 1995) (Abb. 3.1.3). 
Obgleich alle Sedimentfallenproben im Verlauf des Southern Oscillation Ereignisses von 1990 -
1995 gewonnen wurden, zeigen die regionalen Daten, daß nur während des Probenintervals 
November 1991 bis April 1992 echte El Nino-Bedingungen vor der südamerikanischen 
Westküste auftraten. Während des zweiten Probenintervals von Juli 1993 bis Juni 1994 
entsprachen die Meeresoberflächentemperaturen dem langjährigen Mittel (Abb. 3.1.3). Im 
direkten Vergleich der Probenintervalle zeigt sich, daß die Meeresoberflächentemperaturen an 
der Verankerungsposition bei 30°S 1991/1992 ca. 1° bis 2,5°C höher waren als 1993/1994 
(Abb. 3.2.3). 
2.4 Material und Methoden 
Die Untersuchungen der heutigen Sedimentationsbedingungen bei 30°S im Peru-Chile Strom 
wurden im Rahmen des internationalen JGOFS-Projektes (Joint Global Ocean Flux Study) 
durchgeführt. Detaillierte Beschreibungen des Probenmaterials und der Untersuchungs-
methoden sind in den Kapiteln 3.1, 3.2 und 3.3 aufgeführt, während hier nur ein genereller 
Überblick über die wichtigsten Methoden gegeben wird. 
Die Sedimentfallenproben wurden im Peru-Chile Strom ca. 100 sm vor der chilenischen Küste 
(30°S; 73°11'W) aus 2300 m und 3700 m Wassertiefe gewonnen (Abb. 2.4.). Benutzt wurden 
dafür Sedimentfallen vom Typ SMT 230, die mit zwanzig Probenflaschen ausgerüstet sind. 
Aufgrund der Bedienung der Sedimentfallenverankerung im sechsmonatigen Rhythmus weisen 
die kontinuierlichen Partikelflußzeitreihen eine sehr hohe zeitliche Auflösung von 8 bis 9 Tagen 
pro Probe auf (Tab.. 3.2.2). Die genauen Positionen der Verankerungsstationen sind Abb. 2.1, 
2.4 und den Tab. 3.1.1 und 3.2.1 zu entnehmen. 
Die planktischen Foraminiferen wurden aus den Sedimentfallenproben ausgelesen und in die 
drei Fraktionen <150, 150-212 und >212 um unterteilt. Von den Proben aus dem Zeitraum 
November 1991 bis April 1992 wurde die Foraminiferenfauna nur in den beiden großen 
Fraktionen identifiziert und gezählt. 
Der Sedimentkern GIK 17748-2 wurde 1992 auf der Forschungs-Expedition SONNE 80 
(32°45.00'S; 72°02.00W) aus 2545 m Wassertiefe gewonnen (Stoffers et ai, 1992). Diese 
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Position liegt im Valparaiso Becken am 
chilenischen Kontinentalhang ca. 25 sm 
vor der Küste (Abb. 2.1). Der Kern ist 
383 cm lang und wurde im Abstand von 
jeweils 5 cm beprobt. Jede Probe wurde 
in die Korngrößenfraktionen <150, 150-
212 und >212 um unterteilt. Die 
Foraminiferenfauna wurde in den beiden 
großen Fraktionen analysiert. 
Das Altersmodell für diesen Sedimentkern 
beruht in erster Linie auf acht 14C (AMS) 
Datierungen, für die jeweils ca. 1500 
Individuen der plankti sehen Foraminife-
renarten Globigerina bulloides und 
Neogloboquadrina pachyderma (entspre-
chend ca. 10 mg Karbonat) ausgelesen 
wurden. Demzufolge weist der Kern an 
seinem Ende ein Alter von ca. 13.300 
Jahren auf. 
Abb. 2.4 Aufbau der Sediment-
fallenverankerung bei ca. 30°S vor 
Chile im Peru-Chile Strom. 
Die Sedimentationsraten haben während der letzten 13.000 Jahre zwischen lOcmkyr" und 
-l 100 cm kyr" geschwankt, wobei die hohen Raten auf die Abschmelzphase beschränkt sind. 
Sowohl die Sedimentfallen- als auch die Sedimentkernproben wurden auf die Verteilung der 
stabilen Kohlenstoff- (513C) und Sauerstoffisotope (8180) in den Kalkschalen der planktischen 
Foraminiferen untersucht. Für diese Analysen wurden die beiden Arten Globigerina bulloides 
und Neogloboquadrina pachyderma (dex.) ausgewählt. Während G. bulloides in der Regel 
oberhalb der Thermokline lebt, bevorzugt N. pachyderma (dex.) einen Lebensraum unterhalb 
der Thermokline. Da sich aus den Isotopendaten auch Informationen auf den die Foraminiferen 
umgebenden Wasserkörper ableiten lassen, können aus dem Vergleich der Isotopenmessungen 
an diesen beiden Arten Rückschlüsse auf den Aufbau der Wassersäule gezogen werden (siehe 
Kap. 3.1). 
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Auf der Südhalbkugel werden die vier Jahreszeiten wie folgt eingeteilt: Frühling: September 
bis November; Sommer. Dezember bis Februar; Herbst: März bis Mai und Winter: Juni bis 
August. Außerdem lassen sich die mit Sedimentfallen beprobten Zeiträume zwei deutlich 
unterschiedlichen Umweltbedingungen zuordnen: El Nino Bedingungen (6 Monate, November 
1991 - April 1992) und normale Bedingungen (1 Jahr, Juli 1993 - Juni 1994). 
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Seasonal Flux Patterns of Planktic Foraminifera in the Peru-Chile Current 
Margarita Marchant, Dierk Hebbeln and Gerold Wefer 
Geowissenschaften, Universität Bremen, Postfach 330440, D-28334 Bremen, Germany 
ABSTRACT 
Seasonal changes in the flux of planktic foraminifera have been studied in the highly productive 
Peru-Chile Current (30°S; 73°10'W), using material collected by time series sediment traps 
100 nm ofFthe Chilean coast near Coquimbo. Field work was out during the El Nino event of 
1991/92 (6 months) and under normal conditions in 1993/94 (1 year). The seasonal cycle 
1993/94 was marked by high fluxes of planktic foraminifera between August and January 
(southern winter to summer) and low fluxes during the rest of the year (southern summer to 
winter). High foraminifera fluxes coincided with increased coastal upwelling as indicated by 
stable oxygen isotope data of the planktic foraminifera species Globigerina bulloides and 
Neogloboquadrina pachyderma (dex). The isotope data also point to a stratified water 
column without upwelling in early 1994 concomitant with low fluxes of foraminifera. 
Variations of the faunal composition were mainly due to specific hydrographic conditions such 
as severe upwelling events or bypassing oceanographic fronts. During the El Nino event of 
1991/92, foraminiferal fluxes were only slightly lower and the faunal composition reflected the 
somewhat warmer sea surface temperatures under these conditions. However, there were only 
small differences between the flux pattern of 1991/92 and 1993/94. The foraminiferal fluxes in 
the Peru-Chile Current are among the highest of the main upwelling areas in the Eastern 
Pacific. Interestingly, even during El Nino conditions, the Peru-Chile Current is characterized 
by a high production of foraminifera. 
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INTRODUCTION 
The southern part of the Peru-Chile Current off Chile is a dynamical oceanographic region, 
characterized by persisting coastal upwelling. From this high productivity region we present 
the first systematic study of the response of planktic foraminifera, collected by moored 
sediment traps, to seasonal changes in environmental conditions. The purpose of this study is 
(1) to present the seasonal flux pattern of planktic foraminifera and their stable isotope 
composition, (2) to examine relationships between foraminiferal fluxes, seasonal changes in 
surface water hydrography and productivity, and (3) to compare our results with other areas. 
In addition, we will compare these aspects for El Nino (1991/92) and normal conditions 
(1993/94). 
The investigation area off the Chilean port of Coquimbo is situated in a boundary zone 
between subantarctic and tropical conditions, characterized by a mixed planktic foraminiferal 
fauna (Boltovskoy, 1976). This fauna consists of the cold water species Neogloboquadrina 
pachyderma, Globigerina bulloides, Globigerinita uvula, Globorotalia scitula, and the warm 
water species Neogloboquadrina dutertrei, Globorotaloides hexagonus, Globigerinoides 
ruber, Globigerinella siphonifera and Globorotalia hirsuta (Boltovskoy, 1976). With respect 
to N. pachyderma, Bandy and Rodolfo (1964) found a change in coiling direction between 32° 
and 31°S, where the right coiling variety (dex.) predominates to the north and the left coiling 
form (sin.) to the south. Based on the variations in coiling direction of N. pachyderma, 
Boltovskoy (1976) tentatively traced the limit between the subantarctic zone and the 
transitional zone at 33°S. 
The most important aspect of the Peru-Chile Current is its high biological productivity, even 
on a global scale, which makes the Peru-Chile Current one of the most pronounced high 
production regions in the world ocean (Fig. 1) (Berger et al., 1987). However, little is known 
about the seasonal variability of upwelling intensity, and accompanying productivity. Such 
variability can be traced by studying the seasonal succession of planktic foraminiferal species 
and by studying the structure of the water column as recorded by the foraminiferal stable 
isotope composition. Comparing stable isotope data of species prefering different habitats in 
terms of water depth, allows the detection of variations in e.g. thermocline depth and 
upwelling intensity (Ravelo and Fairbanks, 1992; Steens et al., 1992). Thus, by means of time 
series records, like those presented here, much can be learned about the seasonal cycle of 
changing environmental conditions. 
Using this approach our data indicate that the environmental setting in the Peru-Chile Current 
is generally characterized by two seasons. During the winter/spring season, strong upwelling 
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conditions result in enhanced planktic foraminifera fluxes, while under stratified conditions 
during the summer/fall period these fluxes are much lower. In general, the El Nino conditions 
(1991/92) exerted a small impact on flux and species composition of planktic foraminifera. 
OCEANOGRAPHIC SETTING 
Regional oceanography 
The Peru-Chile Current plays a very important role in the distribution of the marine fauna in 
the Pacific ocean. This current originates frorn the West Wind Drift which flows eastward 
across the Pacific Ocean, approaching South America at approximately 40-45°S, where it 
divides into a northward and a southward branch. The main branch flows towards the north, 
forming the Peru-Chile Current (Boltovskoy, 1976; Martens, 1981). 
The hydrography of surface and subsurface waters of the eastern South Pacific was reviewed 
by Ingle et al. (1980), Martens (1981), Brattström and Johannsen (1983), Avaria et cd. (1989), 
Shaffer et al (1995) and Strub et al (in press). Based mainly on the descriptions presented by 
Strub et al. (in press) and by Shaffer et al. (1995) the hydrographic conditions in our study 
area can be described as follows: five major water masses impinge on the western continental 
margin of Coquimbo (Fig. 1), including the northward flowing Peru-Chile Current (PCC, 
Subantarctic Surface Water), which can be splitted into an oceanic (PCC^an) and a coastal 
branch (PCCcoast or Chilean Coastal Current, CCC). Occasionally, both are devided by the 
poleward flowing Peru-Chile Countercurrent (PCCC, Subtropical Surface Water). Within 300 
km off the coast, the surface waters are underlain by the poleward flowing Günther Current 
(GUC, Equatorial Subsurface Water), characterized by low oxygen and high nutrient Contents, 
which is the main source for the upwelling waters along the coast. However, the distribution of 
the surface water masses is quite variable on seasonal and even shorter scales. Between -400 
m to 1200 m water depth, Antarctic Intermediate Water (AATW) is flowing to the north, 
whereas underneath the AATW, Pacific Deep Water (PDW) is flowing southward. 
Upwelling 
Brandhorst (1963) was the first to describe the upwelling off Chile, based on the data of the 
AGRTMAR cruise of 1959. The author used the Ekman concept to explain the upwelling with 
S and SW winds driving coastal waters seaward, resulting in ascent of deep waters to the 
surface near the coast. Upwelling of the nutrient-rich Equatorial Subsurface Water fertilizes the 
photic layer in the coastal zone, causing favorable conditions for intense phytoplankton 
proliferation, with production rates exceeding 200 gC nr2 y r 1 (Berger et al, 1987; Fig. 1). 
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Fig. 1. (a) Primary productivity in the Southeast Pacific (taken from Berger et al, 1987) 
with the site of the sediment trap mooring (black cross) used in this study. Depth 
contours: 3000 m (solid line) and 5000 m (broken line). (b) Schematic profile at 30°S 
showing a typical coastal upwelling Situation in the Peru-Chile Current (see text). 
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The prevailing winds are upwelling favorable throughout the year (Fig. 2) (Strub et ah, in 
press). However, monthly mean phytoplankton pigment concentrations along the coast of 
northern Chile between 18° and 33°S are > 1.0 mg nr3 only in July (austral winter) (Coastal 
Zone Colour Scanner data; Thomas et ah, 1994), when the predominantly southerly winds 
have a considerable western component (Fig. 2). In contrast, prevailing winds from SSE are 
associated with pigment concentrations of <0.5 mg nr3 from November until April (austral 
spring through fall) (Fig. 2). Based on current meter data from our mooring site, ShafFer et ah 
(1995) suggest that this mismatch is likely due to an increasing eastward advection of 
Subtropical Surface Waters during summer, restricting the upwelled water to a very narrow 
belt along the coast. 
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Fig. 2. Mean monthly zonal and meridional wind stress data indicating winds 
predominantly from SSE and SSW. Average sea surface temperature (SST) data were 
taken from the IGOSS data set (www-site of the LDEO Climate Data Catalog). Monthly 
mean phytoplankton pigment concentrations are derived from Coastal Zone Colour 
Scanner data (Thomas et ah, 1994). All data are explicitly for the mooring site. 
El Nino/Southern Oscillation (ENSO) 
Generally, the Peru-Chile Current extends to a few degrees south of the equator before turning 
west to become the South Equatorial Current (SEC). Influenced by the Peru-Chile Current and 
intense coastal upwelling, relatively cold water (e.g. sea surface temperature (SST) of 14°C in 
winter and 19°C in summer at 30°S; 73°W, Fig. 3) is found over an extensive region off the 
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coasts of Chile and Peru during most of the year. The highest temperatures extend furthest 
south during the southern summer (Strub et al, in press). 
At irregulär intervals of a few years, the high temperatures extend 3 to 5 degrees of latitude 
further south than usual (Pickard and Emery, 1982) (e. g. SST of 15°C in winter and 21.5°C in 
summer at 30°S; 73°W, Fig. 3) and the thermocline deepens by 100 m or more (Ramage, 
1986). This is the oceanographic condition known as "El Nino". The mechanistic explanation 
for El Nino is that weaker-than-normal south-east trade winds in the tropical Pacific -the 
Southern Oscillation- cause an eastward return-flow from the warm water pool of the western 
Pacific. This strengthens the eastward flowing North Equatorial Countercurrent (NECC) 
(Pickard and Emery, 1982). When this strengthened current reaches the South American 
coastline the thermocline deepens and the water that upwells is now warm. This temperature 
anomaly persists for a year or more (Ramage, 1986). Thus, the term "El Nino" describes the 
warming of surface waters along the South American coast, while the term "Southern 
Oscillation" Stands for mainly atmospheric perturbations in the tropical Pacific. Both events 
combined are referred to as the El Nino/Southern Oscillation (ENSO). 
The last major ENSO-events occurred in 1982/83 (the strongest event of this Century), 
1986/87 and between 1990 to 1995 (the longest event of this Century, Fig. 3) (Trenberth and 
Hoar, 1996). However, the 1990-1995 event was mainly restricted to the tropical Pacific, and 
only occasionally resulted in a remarkable sea surface warming along the South American 
coasts. According to SST anomalies in the area off Peru, these warming events were restricted 
to the periods April 1991 to May 1992, April to June 1993 and November 1994 to February 
1995 (Fig. 3) (Trenberth and Hoar, 1996). Thus, although our Sediment trap records cover the 
period of the 1990-1995 ENSO event (Fig. 3), the regional regime displays El Nino conditions 
only during the 1991/92 sampling period, while during 1993/94 the satellite SST data indicate 
"normal conditions". That becomes obvious from the local SST data at 30°S and 73°W, which 
show a clear El Nino signal in 1991/92 and which indicate typical "normal conditions" in 
1993/94 (Fig. 3). In the following, we will compare our 1991/92 data, representing a regional 
El Nino event, with our 1993/94 data, interpreted to reflect normal conditions. 
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IS strong Southern Oscillation in the tropical Pacific 
• El Nino conditions along the South American margin 
during the 1990/95 ENSO-event 
• sediment trap records off Chile 
a) El Nino conditions - ENC 
b) Normal conditions - NC 
-average SST max. and min. during El Nino 
- average SST max. and min. during normal conditions 
Fig. 3. Vanations of the Southern Oscillation Index (defined as the difFerence between 
the deviation of the longterm monthly mean sea level pressures at Tahiti and Darwin, 
Australia; data are taken from JIS AO data set; www-site of the Climate Data Archive of 
the Joint Inst, for the Study of the Atmosphere and Ocean) as a measure for the intensity 
of the Southern Oscillation with major ENSO events marked by the stippled bars. In 
addition, SST anomalies for the surface waters off South America are shown (taken from 
the JISAO data set), as an indicator for the occurrence of El Nino conditions off South 
America. The regional El Nino events, which occurred during the 1990-1995 ENSO 
event, are indicated by the hatched bars. Sea surface temperature (SST) data at the 
mooring site off Coquimbo (30°S), Chile, are taken again from the IGOSS data set 
(www site of the LDEO Climate Data Catalog). 
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MATERIALS AND METHODS 
As part of the international JGOFS-Eastern Boundary Current Study, time-series sediment 
traps (Kiel-type) were deployed off Chile at 30°S; 73°10'W (Fig. 1) in 2300 m and 3700 m 
water depth, respectively. The exact positions and sampling dates of the sediment traps, each 
equipped with 20 sample bottles, are given in Table 1. Generally, we collected data during two 
sampling periods: November 1991 - April 1992 (only 3700 m) and July 1993 - June 1994 
(2300 m, and in addition in 3700 m for July 1993 -January 1994), with a sampling interval of 8 
or 9 days (Table 1). Before deployment, 1 ml of saturated HgCl2-solution was added per 100 
ml of sample Solution (seawater from 2000 m water depth) to retard bacterial activity in the 
trap material. NaCl was added to the sampling cups to reach a final salinity of 38-40%o. After 
recovery, the samples were poisoned again with HgCL2 (0.5 ml/100 ml of seawater) and stored 
at 4°C. In the laboratory, the samples were divided by a rotary liquid Splitter into 16 
(November 1991 to April 1992) or 25 (July 1993 to June 1994) equal aliquots (Fischer and 
Wefer, 1991). 
Table 1. Logistics of the sediment traps deployed in the Peru-Chile Current. 
Sediment Sampling Latitude Longitude Depth of sampling period 
traps interval deployment 
29°59.27'S 73°11.05,W 3700 m Nov. 7, 1991 - Apr. 8, 1992 
30°01.05'S 73°11.00'W 2300 m Jul. 22, 1993 - Jan. 18, 1994 
30°01.05'S 73°11.00'W 3700 m Jul. 22, 1993 - Jan. 18, 1994 
30°00.30'S 73°10.27'W 2300 m Jan. 25, 1994 - Jul. 4, 1994 
Carbonate contents of the collected material were determined with an elementary analyser 
(Hereaus CHN-O-Rapid). Total carbon (TC) contents were measured on untreated samples 
and organic carbon (TOC) contents on HCl-treated samples. Carbonate contents were 
calculated according to the formula CaC03 = (TC - TOC) * 8.333. The foraminiferal 
carbonate flux for the 1993/94 sampling period was determined by weighting all planktic 
foraminifera. 
The foraminiferal shells were individually picked from the wet sample split by pipette, washed 
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212um and >212 um. For the period November 1991 to April 1992, only the two larger 
fractions were counted, while for the period July 1993 to June 1994, all Shells were counted 
and weighted. Due to the large amount of Shells, the fraction <150 um has been splitted by a 
microsplitter. Species were identified after Hemleben et al. (1989) and Kennett and Srinivasan 
(1983). The relative abundance of right- or left-coiling individuals was determined for N. 
pachyderma and the two forms were treated as separate species. 
A Finnigan MAT 251 mass spectrometer with an automated carbonate preparation device was 
used to measure the stable oxygen isotope composition (8180) of G. bulloides and N. 
pachyderma (dex.). Ten individuals of G. bulloides and 15 individuals of TV. pachyderma 
(dex.) were picked for each measurement. This roughly amounts to the minimum weight of 
carbonate (100 ug) required for an accurate determination of the stable isotopes. Analyses 
were carried out for the size fractions 150-212 um and >212 um. The isotopic composition of 
the carbonate sample was measured on the C02 gas evolved by treatment with phosphoric acid 
at a constant temperature of 75°C. The ratio of 180/160 is given in %o relative to the PDB 
Standard. A working Standard (Burgbrohl C02 gas) was used for the measurement of the 
isotopic ratios of the samples. This Standard gas was calibrated against the PDB Standard using 
Standards NBS 18, 19 and 20 of the National Bureau of Standards. Analytical Standard 
deviation is about ±0.07 %o PDB (Isotope Lab Bremen University). 
In the southern hemisphere the four seasons are defined as follows: Winter. June to August; 
Spring: September to November; Summer. December to February; Fall: March to May. In 
addition, we differentiate between El Nino conditions (ENC) lasting from November 1991 to 
April 1992 and normal conditions (NC) from July 1993 to June 1994 (see above). 
RESULTS 
Carbonate flux 
A correlation between the total carbonate flux and the foraminiferal carbonate flux could be 
carried out only for the 1993/94 samples, because in the 1991/92 samples the fraction <150 
um had not been counted and weighted. Between July 1993 and January 1994, the total 
carbonate flux was characterized by high fluxes (100-200 mg nr2 d"1), while considerably 
lower fluxes (<50 mg nr2 d"1) were observed in the beginning of 1994 (Fig. 4). 
In contrast, the flux of foraminiferal carbonate showed a distinct maximum (-90 mg nr2 d"1) in 
January 1994 (Fig. 4). Fluxes of foraminiferal carbonate were higher between July and January 
than between February and June, despite the fact that the percentage of the foraminiferal 
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carbonate of total carbonate flux was much higher in the austrat fall (52%) than in winter and 
spring (23%). Generally, foraminifera accounted for 4% to about 100% (in one case) of the 
total carbonate flux (Fig. 4) with an average for the whole year of 30%. Comparison of the 
carbonate fluxes in 2300 m and 3700 m between July 1993 and January 1994 revealed a 
decrease with depth of the total carbonate flux of 22% and a decrease in the foraminiferal 
carbonate flux of 14%. This change is most likely due to carbonate dissolution, affecting 
smaller CaCCh particles, such as coccoliths, stronger than the larger foraminifera. Because the 
seasonal cycle in the flux of foraminifera shows much greater variability than the differences 
due to dissolution, dissolution-induced differences in flux data obtained from 2300 m and 3700 
m can be neglected, when analysing the seasonal flux pattern of planktic foraminifera in the 
Southeastern Pacific. 
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Fig. 4. Comparison of the total carbonate flux and the foraminiferal carbonate flux under 
normal conditions during 1993/94 at 30°S and 73°W in 2300 and 3700 m water depth, 
respectively. 
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Foraminiferal fluxes 
In general, two oceanographic conditions were observed in this study, the first period under 
ENC between November 1991 and April 1992 and the second under NC between July 1993 
and June 1994. A total of 20 planktic foraminifera species were identified (Table 2). 
Fluxes of total foraminifera between November 1991-April 1992 and July 1993-June 1994 are 
shown in Fig. 5. During the ENC of 1991/92, an average of 3000 foraminifera >150 um were 
collected (1360 to 5060 shells nr2 d_1) (Table 3). During the observed period the fluxes 
showed some fluctuations but did not exhibit any clear trend, either an increase or a decrease 
with time could be recognized. The fractions 150-212 um and >212 um together accounted for 
roughly 50% of the total foraminifera flux and showed similar variations through time. 
UnderNC, between July 1993 and June 1994, the fluxes of foraminifera >150 um showed a 
clear seasonal trend with a maximum in January 1994 (2300 m, Fig. 5). Again, the two bigger 
fractions (150-212 um and >212 um) generally covaried, while the peak flux in January 
(-17500 shells nr2 d_1) was mainly due to an increase in the >212 um fraction (~11500 shells 
nr2 d"1). Average fluxes for the whole period firom July 1993 to June 1994 were -3900 shells 
(>150 um) nr2 d_1 (with a minimum in April 1994 with 312 shells nr2 d"1) Compared to the 
same time period during El Nino conditions (November-April), the average flux of the fraction 
>150 um under NC is almost doubled (-5400 shells m'2 d"1). Between July 1993 and January 
1994, the foraminiferal flux in the deeper trap (3700 m) showed a similar pattern as in the 
shallow trap, although the fluxes were generally slightly lower (Fig. 5). 
Additional information for the NC (1993/94) exists for the fraction <150 um (Fig. 5). In 
contrast to the bigger fractions, these small foraminifera show a pattern similar to the total 
carbonate flux (Fig. 4). Between July 1993 and January 1994 the fluxes of foraminifera <150 
um were high (-24700 shells nr2 d"1), while they were much lower (6000 shells nr2 d"1) 
between January and June 1994. Thus, the small fraction displays considerable seasonal 
differences, in phase with the bigger shells (Fig. 5). 
In addition, Fig. 5 also shows the fluxes of the most important individual species. G. bulloides, 
N. dutertrei and N. pachyderma (sin.) show significant differences between ENC and NC, 
while Globigerinella calida and N. pachyderma (dex.) display no remarkable differences in the 
flux pattern between ENC and NC. 
Table 2. List of planktic foraminiferal species and their temporal occurrence found in Sediment traps deployed in the Peru-Chile 
Current, off Chile (+ presence, - absence). 
Conditions 
Sediment traps and depths 
El Niflo 1991/92 
CH1-3, 3700 m depth 
Normal Conditions 1993/94 
CH3-1, CH4-1 2300 m depth CH3-2, 3700 m depth 
Months N D J F M A 
Sample number 12345678901234567890 
Species 
1 Globigerina bulloides ++++++++++++++++++++ 
2 Globigerinella calida ++++++++++++++++++++ 
3 G. siphonifera +++++++++++++--+++++ 
4 GlobigeriniCa glutinata ++++++++++++++++++++ 
5 G. uvula 
6 Globigerinoides ruber +++++++++++++-++++++ 
7 Globorotalia crassaformis + 
8 G. inflata +++++++-+++-+-+++-+-
9 G. menardii + 
10 G. scitula ++++++++++++++++++++ 
11 G. truncatulinoides -- + + + + 
12 Globorotaloides hexagonus -+++-+++++++++++++++ 
13 Neogloboquadrina dutertrei ++++++++++++++++++++ 
14 N. pachyderma dex. ++++++++++++++++++++ 
15 N. pachyderma sin. ++++++++++++++++++++ 
16 Orbulina universa ++++++++++++-+++++-+ 
17 Pulleniatina obliculata --+ 
18 Tenuitella iota -+ +-+-++ 
19 Turborotalia humilis + -- + + 
20 Turborotalita quinqueloba ++++++++++++++--+ 
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The months marked by bold letters indicate the respective time period in the 1991/92 and 1993/94 records. 
ä 
re 
Seasonal Flux Patterns of. 33 
El Nirto normal conditions 
CH1-3 




3700 m depth 
S3. 
trrmi 




1991 1992 1993 1994 1993 1994 
El Nino normal conditions 
CH1-3 
3700 m depth 
>150pm 
CH3-1, CH4-1 
2300 m depth 
>150|jm 
CH3-2 
3700 m depth 
>150 jjm 
CH3-1.CH4-1 
2300 m depth 
<150 pm 
CH3-2 
3700 m depth 
<150Mm 
-^ 800 2000 
1991 1992 1 
1 2 1 2 1 2 
Events: 1 Upwelling, 2 Stratification, taken from Fig. 8. ! Nov. - Apr. 
Fig. 5. Comparison of seasonal changes in the planktic foraminifera flux in the Peru-Chile 
Current between the El Nino year 1991/92 and the normal year 1993/94. The frame in 
the 1993/94 records refers to the respective period of the 1991/92 record. Note the 
differentiation between the >150 um and the <150 um fluxes for the individual species. 
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Table 3. Integrated fluxes of total planktic foraminifera (shells m d ) in the Peru-Chile 
Current for various size fractions under different environmental conditions (ENC - El 
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Under NC the flux of G. bulloides showed an extreme peak in January lasting for three weeks 
with a maximum flux > 12000 shells nr2 d"1 most of which were individuals >212 um (Fig. 5). 
In the 1991/92 record no comparable pattern occurred. N. pachyderma (sin.) showed partly 
enhanced fluxes under NC (>150 um, between November and January), while almost no N. 
pachyderma (sin.) were found in 1991/1992. In contrast, N. dutertrei was clearly more 
important during the El Nifio year (up to 900 shells nr2 d'1) than in 1993/94 (-200 shells 
nr2 d'1). 
Faunal composition 
The relative composition of the planktic foraminiferal (>150 um) flux is shown in Fig. 6. An 
examination of the faunal composition revealed major proportions of 5 species, which 
accounted on average for approximately 85% of the total assemblage. Below, we compare the 
flux composition for the same time period (November-April) in the El Nifio year 1991/92 
(ENC) and under NC in 1993/94. 
N. pachyderma (dex.) was the dominant species accounting for almost 60% in 1991/92 (ENC) 
as well as in 1993/94 (NC). During the winters of 1993 and 1994 the percentage of N. 
pachyderma (dex.) was even sligthly higher. 
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Fig. 6. Relative abundances of the most important planktic foraminifera species (>150 
um) in the Peru-Chile Current in the El Nino year 1991/92 and in the normal year 
1993/94. The frame in the 1993/94 records refers to the respective period of the 1991/92 
record. 
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Comparing average compositions, G. bulloides also showed only little differences with 18% 
during ENC and 21% during NC. However, during ENC the relative abundances of G. 
bulloides were much more constant (~ 10-30%) than during NC, when G. bulloides 
contributed on average less then 5-20% to the foraminiferal flux, but reached 60-70% in 
December 1993 and January 1994. 
N. pachyderma (sin.) showed much clearer differences with a threefold higher contribution 
(9%) under NC compared to 3% during ENC. Also G. calida varied substantially between 7% 
(ENC) and 4% (NC). However, by far the best indicator for ENC was N. dutertrei, which 
accounted for 10% under these conditions compared to 2% during NC. 
Globorotalia crassaformis, Globigerinella siphonifera and Pulleniatina obliquiloculata were 
absent under NC. But even under ENC these species were only a minor faunal component and 
contributed generally less than 1%. In contrast, Globigerinita uvula is the only species not 
found during ENC (Table 2). 
Stable oxygen isotopes 
Because G. bulloides (living above the termocline, Fairbanks et al., 1982) and N. pachyderma 
(thriving just below the thermocline, Boltovskoy, 1981) occupy different depths habitats, stable 
oxygen isotope measurements can be used to reconstruct different levels of the water column. 
The annual cycles of 5180 in G. bulloides and N. pachyderma are shown in Fig. 7 for 
November 1991 - April 1992 (ENC) and for July 1993 - June 1994 (NC). When comparing 
ENC and NC, we focus on the isotope data obtained from the >212 um fraction, while for the 
detailed analysis of the NC also the fraction 150 um-212 um is considered. 
During ENC, the oxygen isotope curves of both species show a continuous change from high 
to low values, reflecting the summer sea surface warming (Fig. 7). The values for N. 
pachyderma were generally higher (i.e. colder) than those for G. bulloides. G. bulloides and N. 
pachyderma exhibit a ränge of 1.5%o and 0.8%o, respectively. During NC, the oxygen isotope 
records show a similar seasonal pattern in both fractions. The two spike SST maximum shown 
in the satellite data (January and March, Fig. 7) for both years, is only reflected in the ENC 
record. Under NC, the 5180 data reflect only the March maximum. Interestingly, the isotope 
data of the March 1994 spike are even lighter than in 1992, although the SST was 1.5°C lower 
than in 1992. During 1993, the winter/spring values of N. pachyderma match those of G. 
bulloides. However, during summer/fall in both records the 5180 values of G. bulloides are 
considerably lighter than those of N. pachyderma, reflecting increased stratification of the 
water column. In the early part of the year (January - April) the values for N. pachyderma 
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were on average 0.3%o lighter under ENC than under NC, while for G. bulloides a similar 
difference occurred only between December and February. 
El Nino 
CH1-3, 3700mdepth. 
-•©•• G. bulloides 
-•A-- N. pachyderma (dex.) 
normal conditions 
CH3-1, CH4-1, 2300 m depth. 
N D J F M A 
1991 1992 1993 1994 
Fig. 7. Seasonal variations in 5180 of G. bulloides and N. pachyderma (dex.) during El 
Nino and during normal conditions in the Peru-Chile Current. In addition, sea surface 
temperature (SST) data for both years at the mooring site are displayed. SST data are 
taken from the IGOSS data set (www site of the LDEO Climate Data Catalog). 
DISCUSSION 
The seasonal variability in the flux of planktic foraminifera in the Peru-Chile Current (30°S; 
73°10'W) is clearly controlled by temporal changes in surface hydrography. The wind-induced 
upwelling and the Peru-Chile Current keep the mean annual air and water temperatures 
relatively low for this latitude (Fig. 2). This appears to be an important feature in Controlling 
the seasonal production patterns of the planktic foraminifera species. The aperiodic occurrence 
of El Nino alters the oceanographic conditions and thereby affects the production pattern as 
well. 
In the following, we discuss the occurrence of the planktic foraminifera species used in this 
study in the context of their habitat: 
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Globigerina bulloides 
The occurrence of the subpolar to transitional species G. bulloides (Bradshaw, 1959) from 
subpolar to tropical regions suggests that the distribution and abundance of this species may be 
controUed primarily by food availability, rather than by a specific temperature ränge (Deuser et 
al., 1981; Thunell and Reynolds, 1984). This species is often mentioned as a typical indicator 
for upwelling conditions (Thiede, 1975; Reynolds and Thunell, 1985). G. bulloides lives in the 
surface mixed layer (Steens et al, 1992) and is most abundant above the thermocline 
(Fairbanks efa/., 1982). 
Globigerinella calida 
G. calida is a subtropical species, ranging from the transition to the tropical zones 
(Boltovskoy, 1981), which lives preferentially in the deeper part of the mixed layer between 50 
and 100 m (Fairbanks et al, 1982). Results from plankton net and from sediment trap 
investigations off Bermuda show that G. calida is there most common during the summer 
months (Deuser etal, 1981; Deuser, 1987; Williams etal, 1981). 
Neogloboquadrina dutertrei 
N. dutertrei lives mainly in tropical regions close to nutrient-rich boundary currents. Its 
preferred habitat is a well stratified photic zone, where it lives within the thermocline close to 
the Chlorophyll maximum (Be and Tolderlund, 1971; Fairbanks et al, 1980). Off southern 
California N. dutertrei shows its highest abundances just after upwelling pulses, when the 
thermocline strengthens (Sautter and Thunell, 1991). 
Neogloboquadrina pachyderma (dextral) 
N. pachyderma (dex), mainly confined to the subpolar zone (Bradshaw, 1959), is a deep-
dwelling species mostly living below the thermocline (Fairbanks et al, 1982). The Shells are 
less encrusted (Reynolds and Thunell, 1985) and prefer warmer habitats than the sinistral form 
(Ericson, 1959). 
Neogloboquadrina pachyderma (sinistral) 
As the only real polar species N. pachyderma (sin.) prefers colder waters and, just as the 
dextral form, a habitat just below the thermocline (Be and Tolderlund, 1981; Sautter and 
Thunell, 1991). In upwelling regions the abundance of this species can be an indicator for the 
intensity of upwelling of cold, sub-thermocline waters. 
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Stable oxygen isotopes 
The larger amplitude in 5180 of G. bulloides (1.5%o) for the period July 1993 - June 1994 in 
comparison to N. pachyderma (0.8%o) (Fig. 7), suggests a generally shallower, and thus more 
variable, habitat above the thermocline for G. bulloides and a deeper, sub-thermocline, habitat 
(>100 m, Boltovskoy, 1981) for N. pachyderma. Thus, under non-upwelling conditions, the 
oxygen isotope data of G. bulloides and N. pachyderma record a distinct temperature 
difFerence. However, during upwelling conditions the stratification in the water column is 
destroyed and both species live within the mixed layer and therefore record similar oxygen 
isotope values. 
We can thus use the difFerence in oxygen isotope values (A8180 = 8180 G. bulloides - 8180 N. 
pachyderma (dex.)) as a measure of the intensity of upwelling (Steens et al, 1992), as long as 
species specific fractionation can be neglected. For both species vital effects have been 
described for oxygen isotope fractionation, however, for G. bulloides (Spero and Lea, 1996) 
as well as for encrusted N. pachyderma (and only encrusted shells have been used in this study) 
(Kohfeld et al., 1996) this vital effect is in the order of -0.8%o and, thus, negligible when 
calculating the A8180 for these two species. 
When strong upwelling deepens the surface mixed layer, the two species build their shells in 
the same water mass and the A8180 ideally approaches 0. Under non-upwelling conditions the 
species live at different depths within a stratified water column, resulting in a considerable 
A8180 (we use ±0.3%o as a ränge indicating upwelling conditions, see Fig. 8). 
While comparing the A8180 between small (150-212 um) and big (>212 um) shells of G. 
bulloides, an experimentally determined ontogenic increase of the 8180-values with increasing 
shell size (180 um ~-l.l%o to 400 um ~-0.6%o; Spero and Lea, 1996), has to be considered. 
To correct for this effect, we added 0.5%o to the isotope values of the small fraction before 
calculating the A8180. After this correction, the A8180 indicates the same habitat for small and 
big G bulloides between August and January, while during the period January to May mostly 
a deeper (i.e. colder) habitat for the small shells is indicated (Fig. 8a). 
Although a similar ontogenic effect might exist for N. pachyderma, there is no such 
Information available and, therefore, we used the original isotope data for the calculation of the 
A8180 between small and big shells of N. pachyderma. It generally ranged between ±0.3%o 
throughout the record and, thus, indicates that this species lives always in the same depth 
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normal conditions 1993-94 CH3-1, CH4-1, 2300 m depth. 
El Nino conditions 1991-92 CH1-3, 3700 m depth. 
Upwelling small = 150-212\im 
Stratification big = >212pm 
Fig. 8. Seasonal variations in difFerent size classes of the A8180 of G. bulloides and M 
pachyderma (dex.) in the Peru-Chile Current in the El Nino year 1991/92 and the normal 
year 1993/94. 
Comparing the A8180 of the difFerent species (G. bulloides - N. pachyderma (dex.)) we 
focused on the fraction >212 um, because (1) Spero and Lea (1996) recommended the use of 
bigger shells for paleoceanographic applications, (2) for our ENC record only these data are 
available and (3) the direct comparison of for ontogenic effects corrected (G. bulloides) and 
uncorrected (N. pachyderma (dex.)) data seems problematical to us. Under NC from August 
to February, the A5180 between the two species continuously varied between ±0.3%o 
indicating a deep mixed layer due to upwelling (Fig. 8c). This is consistent with the results of 
Thomas et al. (1994) pointing to wind induced upwelling in the Coquimbo area during this 
period. In contrast, from late February to June, the A8180 is well above 0.3%o, indicating 
stratified conditions without upwelling. 
For ENC only the A5 ,80 of big G bulloides and N. pachyderma are available (Fig. 8c, open 
symbols). These data show generally the same pattern with upwelling persisting through 
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November and December, while stratification is already established in January. In February, a 
minor upwelling event is indicated by the isotope data, when the AS180 drops below 0.3%o due 
to an increase in 8180 of G. bulloides (i.e. cooling). The most pronounced difference in the 
isotope records between ENC and NC is the early beginning of stratification under ENC. 
Although the A8180 data indicate upwelling during the early part of the 1991/92 record, total 
foraminiferal fluxes are not considerably enhanced compared to the stratified period at the end 
of the record. This Observation may indicate that the upwelled water originates from above the 
thermocline, which is in line with the Observation that the thermocline can be deepened 
considerably under ENC (Ramage, 1986). In this case, the upwelled water is warmer and 
probably depleted in nutrients and, thus, has no significant effect on biological production. 
Carbonate flux 
The upwelling period in 1993 is also indicated by the overall higher carbonate fluxes (Fig. 4). 
Although the foraminiferal carbonate fluxes are relatively high during this period, their 
percentage on the total carbonate flux is rather low (23%), pointing to the importance of 
coccoliths during this season. In early 1994, a generally lower foraminiferal carbonate flux 
accounted on average for >50% of the total carbonate flux, reflecting the overall lower 
carbonate productivity during this part of the year. The extraordinary high flux of large (>212 
Um) individuals of G. bulloides in January 1994 resulted in the maximum foraminiferal 
carbonate flux of-90 mg nr2 d_1 (60% of the total carbonate flux). It might reflect the end of a 
long lasting upwelling event (Kroon and Gannsen, 1989) as it is possibly indicated by the 
A8180 data (Fig. 8c) and by enhanced proportions of the cold water species N. pachyderma 
(sin.) in November/December 1993 (Fig. 6). 
Faunal composition 
Normal conditions fNC) 
The planktic foraminifera fauna found under NC is a mixed fauna typical for the southernmost 
part of the transitional zone (Be and Tolderlund, 1971). The fauna is dominated by N. 
pachyderma (dex. and sin.), G. bulloides, G. uvula and G. scitula (cold water species 
according to Boltovskoy (1976)) and by G. calida, N. dutertrei, G. hexagonus and G. ruber 
(warm water species). 
The five most important species discussed herein (Fig. 5 and 6) can be grouped into two 
seasonal pattern, which are correlated to seasonal changes in surface water conditions. Under 
NC, one group of species (G. calida, N. pachyderma (dex.) and small N. pachyderma (sin.)) 
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show by maximum fluxes from July to January (Fig. 5 and 6) coincident with the period of 
upwelling. Interestingly, the two size classes of N. pachyderma (sin.) behave difFerently. Where 
the small shells (<150 um) follow the pattern displayed by e.g. N. pachyderma (dex.), the big 
Shells (>150 um) behave more like G. bulloides and N. dutertrei. 
The second group (G. bulloides, N. dutertrei and big N. pachyderma (sin.)) is characterized by 
maximum fluxes during the summer months. G. bulloides is the only species with a well-
defined summer maximum in January 1994, which is most likely due to the presumably 
strongest upwelling event in this record, thus, confirming, G. bulloides as a significant 
upwelling indicator (Prell and Curry, 1981; Kroon, 1990). Thiede (1975) indicated G. 
bulloides and G. quinqueloba as the principal upwelling indicators under coastal upwelling 
conditions. However, our main concern with this interpretation is the fact, that the flux 
maximum of G. bulloides is clearly dominated by big shells (>212 um) (Fig. 5), indicating that 
the smaller fraction (<212 um) does not respond to intense upwelling. 
Considerable fluxes of big N. pachyderma (sin.) shells have been collected only between 
November 1993 and January 1994, coincident with periods when the oxygen isotope data 
indicate upwelling conditions (Fig. 8). Analyses of surface Sediments indicates that this species 
is clearly confined to the very near coastal upwelling cells (Marchant et ah, in prep.). Thus, N. 
pachyderma (sin.) shells probably reach the mooring site by oceanographic filaments, which 
transport the upwelled water away from the coast, as was described for the comparable 
Benguela Current System (Wefer et ah, 1996). 
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Fig. 9. Comparison of seasonal changes between fluxes of N. dutertrei and variations of 
the A5180 of G. bulloides and N. pachyderma (dex.) in the Peru-Chile Current. 
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The most notable faunal change during summer is a double peak of N. dutertrei flux with the 
first occurring in November/December and the second in February. Both events occurred close 
to jumps in the 8180 record (Fig. 9), which are most likely related to oceanographic fronts 
moving through the area, dividing upwelling waters from Subtropical Surface Water. The 
February event was followed by a long period of persisting stratification with relatively warm 
surface waters. The bypassing of another major front at the end of April (Fig. 9) resulted in a 
minor peak in the N. dutertrei flux. Although the occurrence of N. dutertrei is normally 
confined to warmer surface waters, its restriction to the early phase of stratification indicates 
N. dutertrei - at least in the Peru-Chile Current - as a good indicator for oceanographic frontal 
regimes (Fig. 9). 
El Nifio conditions (ENC) 
The ENC period is characterized by a marked increase in the abundance of N. dutertrei, while 
N. pachyderma (sin.) has almost disappeared, resulting in a decrease of the total foraminifera 
flux (>150 um) under ENC compared to NC (Fig. 5, Table 3). Although the isotope data 
indicate upwelling also for the early part of our ENC-record, the lack of N. pachyderma (sin.) 
reflects the shift to warmer source waters not inhabited by these cold water species. This is 
consistent with the notion that during ENC the thermocline deepens and the source water for 
upwelling is therefore warmer. Comparing the isotope record and the flux pattern of N. 
dutertrei, the occurrence of this species seems also under ENC to be confined to 
oceanographic fronts (Fig. 9). The three distinct peaks in the flux of N. dutertrei between 
November 1991 and March 1992 point to an oscillating front in the study area during this time. 
The other species shown in Fig. 5 displayed comparably little Variation between ENC and NC. 
Restricted to ENC is the occurence of the warm water species G. siphonifera, G. crassa/ormis 
and P. obliquilocuata (Table 2), indicating significant warming of the surface waters due to El 
Nifio. 
Comparison with other areas 
Table 4 summarizes Information from sediment trap deployments in the main upwelling areas 
of the Eastern Pacific. A comparison of the daily fluxes averaged over several months or years 
demostrates that the foraminiferal fluxes in the Peru-Chile Current (>150 um, 4000 shells 
m'2 d"\ 1 year average) are among the highest, comparable only with Station Papa in the 
Northeast Pacific (>150 um, 3200 shells m2 d"1, 1 year average; Reynolds and Thunell, 1989). 
Table 4. Average daily fluxes of planktic foraminifera in the main upwelling areas of the Eastem Pacific Ocean 
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In other upwelling regions in the Eastern Pacific, such as the California Current and thePanama 
Basin (Thunell and Reynolds, 1984, 1992; Ortiz and Mix, 1992), foraminiferal fluxes are 
considerably lower. 
However, a three year record from Station Papa shows strong interannual vanabiiity with 
fluxes between 1700 shells m"2 d*1 (>125 um) during the El Nino year 1982/83 and 3200 shells 
m"2 d'1 (>125 um) during the post-El Nino period (Reynolds and Thunell, 1989). A comparable 
interannual variability is also seen in subsequent investigations in the Peru-Chile Current, which 
show a considerable decrease in the annual carbonate flux after June 1994 (Hebbeln et al., in 
prep.). Nevertheless, even under ENC (3000 shells m"2 d"1, >150 |im, 6 months average) the 
Peru-Chile Current appears to be a region marked by a very high production of foraminifera. 
CONCLUSIONS 
Time series sediment trap studies collecting shells of planktic foraminifera at 30°S in the Peru-
Chile Current indicate that under normal conditions this area is one of the most productive 
regions (daily average 4000 shells >150 um m"2) in the Eastern Pacific and probably in the 
world ocean. Even during the El Nino period of 1991/92 a six-month average of 3000 shells 
>150 um m"2 d"1 is high within an Eastern Pacific comparison. 
The high foraminifera production is due to intensive coastal upwelling along the Peru-Chile 
Current. The upwelling intensity has been traced in detail by means of the A8180 signal (i.e 
8I80 of G. bulloides - 8180 of N. pachyderma (dex.)). Using this signal, the seasonal cycle in 
the Peru-Chile Current can generally be split in an upwelling period between August and 
January and a stratified period between February and June. The same seasonal pattern is also 
reflected in the fluxes of total and of foraminiferal carbonate, which are both considerably 
higher under upwelling conditions reflecting increased biological productivity. These different 
conditions are also reflected in the composition of the planktic foraminiferal fauna. A 
comparison of faunal and isotopic data reveals that N. dutertrei - at least in the Peru-Chile 
Current - is a good indicator for oceanographic frontal regimes. 
During the El Nino year 1991/92, isotope data also indicate the change from an upwelling 
dominated to a stratified system in the southern summer. However, under El Nino conditions 
upwelling has no significant effect on the carbonate flux and, by consequence, on surface water 
productivity. Apparently, El Nino deepens the thermocline below the depth of the source 
water, resulting in upwelling of nutrient depleted water. 
46 Conclusions 
The different hydrographic setting between El Nino and normal conditions is also reflected in 
the composition of the planktic foraminiferal fauna, as some species as G. siphonifera, G. 
crassaformis and P. obliquiloculata are restricted to the generally warmer El Nino conditions 
in 1991/92, while the fluxes of other species as e.g. N. dutertrei are increased. In contrast, 
other species such as N. pachyderma (sin.) are much more common under normal conditions, 
while G. uvula is the only species, which occurs exclusively in the 1993/94 record. 
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Seasonal Variations of the Particle Flux in the Peru-Chile Current at 30°S 
under "Normal" and under £1 Nino Conditions 
Dierk Hebbeln, Margarita Marchant and Gerold Wefer 
Geowissenschaften, Universität Bremen, Postfach 330440, D-28334 Bremen, Germany 
ABSTRACT 
Time-series Sediment traps were deployed 100 nm ofFthe Chilean coast at 30°S in the Peru-
Chile Current during the El Nino period 1991/1992 (6 months) and during the "normal" period 
1993/1994 (12 months). Under normal conditions in 1993/1994 the particle fluxes display a 
pronounced seasonal cycle marked by a settling phytoplankton bloom in September, 
intermediate fluxes until January and low fluxes between January and July. This seasonal 
pattern is also reflected in stable isotope data, measured on the planktic foraminifera species 
Neogloboquadrina pachyderma (dex.) and Globigerina bulloides, which indicate persistent 
upwelling conditions between August and February followed by a stratified water column 
-2 -1 
between March and July. The total flux under normal conditions amounts to 65.1 gm a , 
with the main flux constituents contributing 47.6% (carbonate), 26.4% (lithogenic matter), 
17.4% (biogenic opal), and 8.6% (organic matter), respectively. Based on these particle flux 
-2 -1 
data the export production has been estimated to 42 gC m a . Although the main flux event 
in September has not been sampled in the El Nino period 1991/1992, the available record frorn 
November 1991 to April 1992 allows an interesting comparison to the fluxes of the normal 
year. The total amount of fluxes and the timing of minor flux events are very similar under 
normal and under El Nino conditions. However, increased proportions of organic carbon and 
lithogenic matter under El Nino conditions are interpreted to reflect faster Sedimentation and 
preferred scavenging of organic matter by elevated lithogenic fluxes rather than increased 
productivity. The higher lithogenic fluxes under El Nino conditions are probably due to 
increased precipitation in the arid to semiarid northern part of Chile. 
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INTRODUCTION 
Eastern boundary currents are marked by strong heat and gas exchange between the ocean and 
the atmosphere and a competing System of pumping mechanisms results in an intense cycling of 
carbon and nutrients. By the upwelling of cold and nutrient-rich waters, the physical pump 
promotes heat transfer from the atmosphere into the ocean and outgassing of CO2 from the 
ocean into the atmosphere. In contrast, the high nutrient content in the upwelled waters 
stimulates the biological pump, resulting in an enhanced fixation of CO2 by photosynthesis, in a 
flux of CO2 from the atmosphere into the ocean and in the export of organic matter from the 
surface waters into the deeper ocean or even into the seafloor Sediments. However, the role of 
eastern boundary currents within the global carbon cycle cannot be determined reliably as only 
very limited data about the up- and downward fluxes of carbon within these Systems exist. 
Among the eastern boundary currents the Peru-Chile Current (PCC) Stands out with an 
extension over 40° of latitude. With its persistent coastal upwelling the PCC belongs to the 
most productive marine environments (Berger et at, 1987) supporting an intensive pelagic 
fishery (Alheit and Bernal, 1993). At irregulär intervals of a few years the whole System is 
disturbed by El Nino events, resulting in a considerable warming of the surface water masses 
and in unusual atmospheric variations (ranging e.g. from catastrophic rainfalls to droughts) 
(Ramage, 1986). All of these effects are most pronounced in the north and decrease in intensity 
to the south. The Chilean coast lies within the southern reaches of the oceanographic and 
atmospheric perturbations caused by El Nino events. However, off northern Chile sea surface 
temperatures were increased by 3°C during the strong 1982/1983 El Nino event, the 
thermocline was 300 m below the normal level (Fonseca, 1985) and the phytoplankton biomass 
was considerably decreased (Avaria and Munoz, 1987). 
The aim of this study is to present the first continuous time series of particle flux data from the 
Southeast Pacific and to contribute to the understanding of the downward fluxes of particulate 
matter under the specific hydrographic conditions of an eastern boundary current. Collected 
100 nm offshore at 30°S, particle flux data from the normal (i.e. non-El Nino) period 
1993/1994 display a pronounced seasonal cycle and confirm the high productivity character of 
the surface waters off the Chilean coast. In comparison, for the off-bloom period November to 
April the 1991/1992 El Nino event had only a minor impact on the particle flux and, thus, on 
the surface water productivity off the central part of Chile. 
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REGIONAL SETTING 
PCC Peru-Chile Current 
ocean oceanic branch 




GUC Günther Undercurrent 
( =. subsurface) 
The regional oceanography of the Southeast 
Pacific has recently been described by 
Shaffer et al. (1995) and by Strub et al. (in 
press). Its main feature is the northward 
flowing Peru-Chile Current (PCC, or 
Humboldt Current; Subantarctic Surface 
Water), which originates between 40-45°S. 
There, the Antarctic Circumpolar Current 
(ACC) approaches the South American 
continent (Boltovskoy, 1976). Its northward 
deflection forms the PCC, which Stretches 
all along the South American westcoast 
before it turns westward close to the 
equator to form the South Equatorial 
Current (SEC) (Fig. 1). 
Off the Chilean coast occasionally the PCC 
can be divided into an oceanic and a coastal 
branch separated by the poleward flowing 
Peru-Chile Countercurrent (PCCC, 
Subtropical Surface Water). These surface 
water masses are underlain by the Günther 
Undercurrent (GUC, Equatorial Subsurface 
Water), which is mainly located between 
100 m and 400 m water depth over the shelf 
and the continental slope. Between 400 m 
and 1200 m water depth Antarctic Interme-
diate Water (AAIW) flows equatorwards 
underlain by sluggish southward flowing 
Pacific Deep Water (PDW). 
Fig. 1: Ocean surface and subsurface currents in the Southeast Pacific off the Chilean 
coast (compiled after Shaffer et al, 1995 and Strub et al, in press) and the location of 
the sediment trap mooring site. 
56 Regional Settins 
The first detailed description of the upwelling processes along the Chilean coast was made by 
Brandhorst (1963). Based on the Ekman concept coastal waters are driven seaward by S to 
SW winds, resulting in upwelling. The source for the upwelled waters is the nutrient-rich 
Equatorial Subsurface Water of the Günther Undercurrent, which fertilizes the photic layer in 
the coastal region (Morales et al, 1996). Due to this nutrient injection Chlorophyll 
-3 
concentration in near-coastal waters can exceed 3 mg m (Thomas et al, 1994) resulting in 
annual production rates of >200 g C m* (Berger et al, 1987). The mean seasonal patterns of 
windstress, sea surface temperatures (SST) and pigment concentration (monthly means taken 




Fig. 2: Mean seasonal cycles of sea surface temperatures (SST), wind directions and 
surface water pigment concentrations {Coastal Zone Colour Scanner data) at the 
mooring site (30°S, 73° 11 W) in the Peru-Chile Current. Shaded areas mark SSTs below 
15.8°C, winds coming frorn more westerly directions as 175° and mean pigment 
concentrations of >0.3mg m' - all typical for the high productive winter season. 
Our mooring site is -100 nm off the coast, thus the mean pigment concentrations are 
considerably lower than in the near-coastal areas. However, during the marked bloom event in 
winter even at this oceanic Station pigment concentrations reach almost 1.5 mg m . This 
bloom event seems to be related to a shift of the predominant wind direction frorn S-SSE to S-
SSW (Fig. 2). As long as the westerly component is dominant (July to October) pigment 
-3 
concentrations are >0.3 mg m . 
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Due to its southern origin and to the upwelling of cold waters the PCC is characterized by 
relatively low SSTs for the respective latitudes. However, at irregulär intervals of a few years 
the SSTs are considerably increased by a few degrees C. These conditions, well-known as El 
Nino, are caused by atmospheric perturbations in the Equatorial Pacific region, resulting there 
in an enhanced eastward warm water flow. When these waters reach the South American 
continent they are deflected to the south, where the thermocline deepens by 100 m or more and 
where the water that upwells now is also considerably warmer compared to non-El Nino 
conditions (Ramage, 1986). 
One aim of this study is to comp the particle fluxes in the PCC under (a) normal conditions and 
under (b) El Nino conditions. Our records are from November 1991 to April 1992 and from 
July 1993 to June 1994. Although the 1993/94 normal period falls within the 1990/95 El 
Nino/Southern Oscillation (ENSO) event (Trenberth and Hoar, 1996), comparing analyses of 
the Southern Oscillation and El Nino indices with local longterm SST records revealed that 
1991/92 was a typical El Nifta event off Chile and that during 1993/94 typical normal condi-
tions prevailed (Marchant et al, subm). The difFerences in SST and in the wind field at our 
mooring site between these two periods are displayed in Fig. 3. While during the austral winter 
and summer average SST was ~2°C higher under El Nino conditions, there was little difFerence 
during the warming and cooling periods of spring and fall, respectively (Fig. 3). During the El 
Nino year the wind mainly came from S-SE, while during the normal year the austral winter 
and spring were characterized by a slight dominance of S-SSW winds, compared to summer 
and fall when S-SSE winds were more common (Fig. 3). 
FIELD WORK AND LABORATORY ANALYSES 
To collect the particle flux in the PCC time-series sediment traps were deployed in moored 
arrays -100 nm ofthe Chilean coast (30°S, 73°11'W) near the port of Coquimbo in 2300 m 
and 3700 m water depth, respectively (Tab. 1). The cone-shaped traps have 20-cup collectors 
and a collection area of 0.5 m and are fitted with a grid at the top (SMT 230, Salzgitter 
Electronics, Kiel). The sample resolution in our experiments varies between 8 and 9 days (Tab. 
2). For the graphic presentation of the flux data the mid-dates of the sampling periods have 
been used. 
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Fig. 3: Monthly mean wind vectors, SST data and total particle fluxes at the mooring site 
(30°S, 73°11W) in the Peru-Chile Current for the sampling periods 1991/92 (El Nino 
conditions) and 1993/94 (normal conditions). In addition, mean monthly pigment 
concentrations (averaged Coastal Zone Colour Scanner data, 1978-1986) are displayed. 
The time axis is from July to June. 
Four particle flux records are presented here, each spanning ~6 months, from two different 
water depths (Tab. 1 and 2). The El Niiio record from November 1991 to April 1992 is from 
3700 m water depth (trap CHI-3) as well as another 6 months record from the normal period 
July 1993 to January 1994 (trap CH3-2). In addition, between July 1993 and June 1994 a 
continuous füll year record has been collected from 2300 m water depth (traps CH3-1 and 
Seasonal Variations ofthe Particle Flux... 59 
CH4-1). For all those periods current meters have been placed 20 m below the traps in the 
moored arrays. The current meter data show that during almost the whole time of deployment 
current velocities were well below 10 cm/s (S. Salinas, pers. comm.) and, thus, having no or 
only little efFect on the trapping efficiency ofthe traps (Baker et al, 1988). 
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Before deployment ofthe traps, 1 ml of saturated HgCb-solution was added per 100 ml of 
sample Solution (seawater from 2000 m water depth) to retard bacterial activity in the trap 
material (Lee et al, 1992). NaCl was added to the sampling cups to reach a final salinity of 38-
40%o. After recovery the samples were poisoned again with HgCL2 (0.5 ml/100 ml of 
seawater) and stored at 4°C. 
In the home laboratory the samples were carefully wet-sieved through a 1-mm screen and split 
into aliquots by a rotary liquid Splitter. The Splitting procedure, sample preparation and analysis 
is described by Fischer and Wefer (1991). We used a freeze-dried, desalted and homogenized 
U or Is split (<1 mm fraction) from each sample for the bulk analysis. A portion of this 
material was decalcified with 6 N HCl, dried on a hot plate at 80°C and measured in a 
Heraeus-CHN-analyzer for organic carbon and nitrogen. No filtration step was involved. 
Carbonate contents were calculated from the total carbon content, measured with the CHN-
analyzer on untreated samples, as CaCCb = (Ctotai - Corg) * 8.333. 
Biogenic opal was determined using a sequential leaching technique (DeMaster, 1981) 
modified by Müller and Schneider (1993). The grounded samples were extracted with 100 ml 1 
M NaOH at 85°C. The concentration of dissolved silica was simultaneously measured by 
continuous flow analysis with Molybdate Blue spectrometry. The opal/carbonate ratio is 
calculated weight by weight. The content of lithogenic matter was calculated as Lithogenic = 
60 Results 
Total - Opal - Carbonate - 2 * Corg (~ organic matter). The export production for the sampling 
periods has been estimated by normalizing the organic carbon flux to a water depth of 100 m 
(i.e. a proxy for the export production) using the depth-Corg relationship of Martin et al. (1987, 
open ocean composite). 
Two species of planktic foraminifera (Neogloboquadrina pachyderma (dex.) and Globigerina 
bulloides) have been analyzed for the stable carbon isotope composition of their carbonate 
13 
shells (5 C). Each measurement has been performed on -15 individual shells (all >212um) of 
one species. The isotopic composition of the shells was measured on the CO2 gas released by 
the treatment of the carbonate with phosphoric acid at a constant temperature of 75°C. The 
gas was led to Finnigan MAT 251 mass spectrometer at the University of Bremen. A working 
Standard (Burgbrohl CO2 gas) was used for all measurements, which has been calibrated 
against PDB by using the NBS 18, 19 and 20 Standards. Consequently, all isotope data given 
here are relative to the PDB Standard. Analytical Standard deviation is about <0.05%o for the 
513C data. 
RESULTS 
The flux data displayed in the figures and listed in the tables all refer to the <1 mm fraction, as 
the amount of the >1 mm fraction was negligible and dominated by Zooplankton remains. The 
total flux data, combined with the respective SST and wind records, are shown in Fig. 3, the 
fluxes and the relative proportions of the main flux constituents (carbonate, organic carbon, 
biogenic opal, and lithogenics) in Figs. 4 and 5, and the opal/carbonate ratio and isotope data 
in Figs. 6 and 7. The total mass fluxes for the individual traps and the compositions are given in 
Tab. 3. 
The EINino recordfrom 3700 m (CH1-3) 
The 6 months record from 1991/1992 has a well defined flux maximum in 
-2 -1 
November/December with total flux values reaching 300 mg m d followed by considerably 
-2 -1 
lower values (<100mgm d ) between January and April (Fig. 3). Maximum fluxes occur 
within the period of spring sea surface warming, while lower fluxes are associated with the 
highest SSTs during the austral summer. The windstress showed only little variability during 
the sampling period. A similar pattem as for the total flux can be found for the main flux 
constituents, although some relative variations occur (Fig. 4). The relative amount of 
carbonate increases from <50% during the main flux event November/December to 60-70% 
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during the low flux period January/April (Fig. 5). Generally, the relative proportion of 
carbonate (44-76%) is negatively correlated to the proportions of organic carbon (4.5-7%), 
biogenic opal (6-20%) and lithogenic matter (7-28%), which tend to fluctuate together (Fig. 
5). The opal/carbonate ratio reaches values up to 0.4 in November/December and drops for the 
rest ofthe record below 0.2 (with the exception ofthe last sample). 
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Fig. 4: Fluxes ofthe main flux constituents at the mooring site (30°S, 73°11'W) in the 
Peru-Chile Current for the sampling periods 1991/92 (El Nino conditions) and 1993/94 
(normal conditions). The time axis is from July to June. 
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Table 2: Sampling dates, fluxes, and isotope data of the sediment traps deployed in the 
Peru-Chile Current. The export production (ExP) is estimated using the organic carbon 
flux-depth relationship (open ocean composite) of Martin et al. (1987). The 5 C data are 
measured on the carbonate shells of the two planktic foraminifera species 
Neogloboquadrina pachyderma (N. p.) and Globigerina bulloides (G. b.). All data refer to 
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Cont. Tab. 2 
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Table 3: Longterm fluxes, flux compositions, water depth-corrected fluxes and comparison 
of normal and El Nino fluxes for the sediment traps deployed in the Peru-Chile Current. The 
export production (ExP) is estimated using the organic carbon flux-depth relationship (open 
ocean composite) of Martin et al. (1987). All data refer to the <lmm size fraction. 
water sampling open Total Core CaC03 Opal Lith. ExP CW CaC03 Opal Lith. 
depth period days flux flux flux flux flux estim. flux flux flux flux 
CH1-3 3700 m 11/91-4/92 
CH3-2 3700 m 7/93-1/94 
CH3-1 2300 m 7/93-1/94 
CH4-1 2300 m 1/94-7/94 
comparison ofCH3-l and CHS-2: flux in 3700 m relative to flux in 2300 m 
71% 70% 78% 78% 56% 
CH3-1&CH4-1 7/93-7/94 340 60.64 2.61 
CH3-1&CH4-1 annualflux 365 65.10 2.80 
CH3-1&CH4-1 11/93-4/94 160 23.78 1.11 
corrected to a water depth of3700 m (factors see above) 
CH3-1&CH4-1 11/93-4/94 160 *17.55 0.79 11.69 2.14 2.14 
difference El Nino - normal conditions (normal conditions = 100%) 
(i.e. CH1-3 - CH3-1/4-1) 160 0.85 0.22 -0.25 0.02 0.65 5.87 
+5% +28% -2% 1% +30% +36% 
Nov.-Jan. 72 -13% +9% -19% -14% 0% 
Jan. - Apr. 80 +22% +36% +8% +35% +152% 

















































































4.4 66.7 12.2 12.2 
The stable carbon isotope composition of the carbonate shells of the two planktic foraminifera 
species N. pachyderma and G. bulloides show a general offset of approximately 1.4%o between 
each other (Fig. 7). The values for N. pachyderma vary between 0.3%o and 0.8%o with slightly 
lighter values (~0.5%o) during November/December and heavier values (0.6-0.8%o) in the 
following months. The respective ränge for G. bulloides of -0.6%o to -1.8%o is somewhat 
bigger with a distinct minimum in February. 
The "normal"recordfrom 3700 m (CH3-2) 
Between July 1993 and January 1994 the total flux in 3700 m water depth ranged between 
-2 ,-1 50 mg m d in July and >400 mg m" d" in September, followed by a gradual decrease 
-2 -1 
towards -150 mg m d in January (Fig. 3). Again the flux pattern of the main flux 
constituents resembles that of the total flux, all with a distinct maximum in September (Fig. 4). 
2 -1 
Only the carbonate flux remains on a higher level (100-150 mg m" d ) for the whole period 
between August and January. 
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The contribution of biogenic opal to the total flux varies between lowest values (8%) at the 
beginning and at the end of the record and highest percentages (29%) during the September 
flux maximum, marking this event as a settling plankton bloom (Fig. 5). Closely tied to the 
opal flux is the lithogenic flux, which shows a very similar pattern ranging between 8% and 
30%. Throughout the record, carbonate is the dominant constituent (32% - 72%), however, 
with a reversed pattern marked by lowest contributions during the September event followed 
by increasing values towards the end ofthe record in January. In contrast, the organic carbon 
content shows relatively little Variation (3% - 5%). Those varying compositions are also 
reflected in the opal/carbonate ratio (0.1 - 0.9), which shows a distinct bloom signal between 
August and October followed by a considerable decrease towards the end ofthe year (Fig. 6). 
1903/1994 
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Fig. 5: Composition ofthe particle flux at the mooring site (30°S, 73°H'W) in the Peru-
Chile Current for the sampling periods 1991/92 (El Nino conditions) and 1993/94 
(normal conditions). 
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The "normal" recordfrom 2300 m (CH3-1 and CH4-1) 
This füll year record (1993/94) shows a clear seasonal trend with a rapid increase of the total 
-2 -1 
flux from July (100 mg m d ) to September, where a distinct maximum occurs 
-2 -1 
(650 mg m d ) (Fig. 3). Between October and January the total flux ranges around 
-2 -1 -2 -1 
250 mg m d followed by a low flux period between February and June (30-100 mg m d ). 
Again the biogenic opal and lithogenic fluxes are very similar with the most prominent 
-2 -1 -2 -1 
September signal (170 mg m d and 250 mg m d , respectively (Fig. 4). During only one 
month (September) > 40% of the annual flux of these two constituents has been collected. 
After a drastic decrease towards the end of the year these Compounds are almost negligible in 
-2 -1 
the second part of the record in 1994 (<10 mg m d ). The carbonate flux shows a different 
- 2 - 1 
pattern with constantly high values (-100-140 mg m d ) between September and January and 
-2 -1 
almost constantly low values (30-50 mg m d ) between February and June. The organic 
-2 -1 
carbon flux ranges between 1-25 mg m d and displays a mixed pattern of the carbonate and 
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Fig. 6: Opal/carbonate ratio during the 1991/92 (El Nino conditions) and 1993/94 
(normal conditions) sampling periods. The time axis is from July to June. 
The relative composition of the flux during this period is marked by a continuous decrease of 
the lithogenic fraction (42-0%) which is almost equaled by a simultaneous increase of the 
carbonate fraction (28-88%) (Fig. 5). The 20% offset is due to an increased relative opal 
contribution of 26% during the September event, which Stands out from otherwise relatively 
constant values around 10%. Organic carbon contributes mostly 3.5-5%» to the total flux with 
higher values (up to 6.4%) between January and April. The record of the opal/carbonate ratio 
can be divided in a pre-bloom (Jul./August, <0.3), a bloom (August/October, >0.8), a late-
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bloom (October/November, 0.3 - 0.8), a post-bloom (November/December, 0.2 - 0.3) and an 
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Fig. 7: Stable isotope data of Neogloboquadrina pachyderma (>212^m) and 
Globigerina bulloides (>212^m) for the 1991/92 (El Nino conditions) and 1993/94 
(normal conditions) sampling periods. The A8 O data are from Marchant et al. (subm.). 
The time axis is from July to June. 
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The general pattern of the stable carbon isotopes of the planktic foraminifera for the normal 
record are similar to the El Nino record, including a general offset of 1.4%o between the two 
species (Fig. 7). And also over this one year timespan N. pachyderma shows little variability 
(0.2 to 0.8%o) compared to G. bulloides (-0.7 to -2.2%o), which has considerably lower values 
during the second part of the record. 
DISCUSSION 
Changes ofßuxes and their compositions between 2300 m and 3700 m 
This paper aims to present the first particle flux data frorn the southern PCC and, additionally, 
to compare particle fluxes collected under El Nino conditions with normal fluxes (i.e. not 
afFected by El Nino). This comparison is rendered as our available data are frorn difFerent 
seasons and frorn different water depths (Tab. 1). When using the whole six months El Nino 
record frorn 3700 m (CHI-3) we have to compare it with the one year record frorn 2300 m 
water depth (CH3-1 and CH4-1). However, in this case remineralization processes that occur 
between these two depths and which alter amount and composition of the flux have to be 
considered. 
These changes can be seen by comparing the two records frorn July 1993 to January 1994 frorn 
2300 m and frorn 3700 m water depth (CH3-1 and CH3-2). The total flux of the lower trap 
amounts to 71% of the flux of the upper trap (Tab. 3). For the main flux constituents this 
relation is 70% for organic carbon, 78% for carbonate and biogenic opal and only 56 % for the 
lithogenic material. These data are means, averaged over a six months period, not considering 
temporal variations of these relations. However, these means seem to be reliable tools for 
comparing fluxes frorn different depths at this site. 
Surprisingly, we obtain a loss of lithogenic material between the two traps of about 56% (Tab. 
3). Keeping in mind the depth dependent decrease of biogenic matter fluxes due to bacterial 
degradation and dissolution and assuming that these processes do not affect the lithogenic flux, 
one would expect a relative increase of lithogenic material in the deeper trap. However, the 
opposite occurred, pointing to a close bound of the lithogenic material to one of the biogenic 
Compounds. Due to its small grain sizes (clay and silt), the lithogenic matter needs some kind 
of transport vehicle to sink, e.g. fecal pellets or aggregates. The similarity of the flux patterns 
of biogenic opal and lithogenic material (Fig. 4) points to diatom aggregates as likely vehicles. 
The different loss of these two constituents between the two traps might be due to a partly 
disintegration of the aggregates with an associated release and dispersion of 
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lithogenic particles in the deeper water column. Opal particles are maybe heavy enough to 
continue sinking, while the fine lithogenic particles remain in Suspension. 
The seasonal cycle of the particle flux under "normal" conditions 
During the normal conditions of 1993/94 the particle flux exhibits a strong seasonal variability 
with a pronounced maximum in September. This occurred coincident with or slightly after 
lowest SSTs and winds from S to SSW (>175°) (Fig. 3), perfectly resembling the typical mean 
bloom Situation shown in Fig. 2. This flux maximum is marked by peak opal and organic 
carbon fluxes (Fig. 4), which are the remains of a diatom bloom in the surface waters. 
Although the opal flux decreased drastically in the following months, the organic carbon flux 
remained on an intermediate level reflecting the increasing relative importance of carbonate 
forming primary producers, e.g. coccolithophorids. This typical shift marking the change from 
the main-bloom to the post-bloom period is also documented in the opal/carbonate ratio (Fig. 
6). This ratio clearly marks the major bloom event in September by highest values, while it also 
indicates the lowered but still persistent productivity in the post-bloom period October to 
December. Between January and July 1994 a low opal/carbonate ratio and low fluxes indicate 
very low productivity. Carbonate fluxes in the order of 50 mg m d during this time are only 
partly due to primary production as they consist to 50% of foraminiferal carbonate (Marchant 
etal, subm.). 
This general pattern is in good agreement with the mean monthly pigment concentration in the 
surface waters at this site as it is averaged from the 1978-1986 observing period ofthe Coastal 
Zone Colour Scanner (Thomas et al, 1994) (Fig. 3). The two months offset between the 
highest pigment concentration in July and the main flux event in September can have several 
reasons. Most likely is the explanation, that after blooming the particles remain in a deep 
Chlorophyll maximum (-100 m water depth), where they are invisible for the satellite, before 
for some reason they start to sink. 
Once the particles really started their descent through the water column they sink very rapidly 
as it is reflected in the almost perfect fit ofthe flux patterns in 2300 m and in 3700 m (Figs. 3 
and 4). Especially during the bloom event there is no delay in the signal between the two 
depths within the resolution of the sampling. To end up with the observed fit by a sample 
interval of 9 days the time needed to sink from 2300 m to 3700 m should be less than 4.5 days. 
Thus, the calculated sinking speed is in the order of >300 m d , pointing to large particles as 
e.g. aggregates and fecal pellets as transport vehicles. Extrapolating this value to the surface 
results in ~8 days sinking time for the material to reach the Upper trap. During 
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post-bloom conditions the 3700 m record seems partly to be delayed by one cup compared to 
2300 m indicating somewhat lower sinking speeds. 
Upwelling and productivity 
The driving force for the well known high fertility of the PCC is the intense and continuous 
coastal upwelling. Favoured by S-SW winds the nutrient-depleted surface waters are 
transported oceanward and are replaced close to the coast by freshly rose cold and nutrient-
rich waters (Brandhorst, 1963). Thus, to understand the dynamics of production from particle 
flux studies one needs proxies for productivity as well as for the water mass structure, i.e. the 
physical aspect of upwelling. 
The export production (ExP) from the surface waters can be estimated by normalizing the 
organic carbon flux to a water depth of 100 m (Martin et al, 1987, open ocean composite). 
The ExP estimate derived from the traps CH3-1 and CH4-1 (2300 m) ranges between 20 and 
-2 -1 
400 mgC m d for the normal year 1993/1994 (Fig. 8), while the seasonal pattern is the same 
as for the organic carbon flux described above. Estimated from the trap CH3-2 (3700 m) the 
ExP fits perfectly to the results from the shallower trap CH3-1 (Fig. 8), confirming the 
reliability of this method. In addition, the perfect fit of the seasonal pattern also confirms the 
high sinking speed of the particles discussed above. Comparing the ExP for the six month 
period from July 1993 to January 1994 it amounts to almost indistinguishable values of 
-2 -2 
33.3 gC m and to 34.6 gC m for the two traps, respectively (Tab. 3). The annual ExP for 
this normal year is 42 gC m (Tab. 3). 
Information about the structure of the upper water column can be drawn from stable isotope 
analyses of the Shells of two different species of planktic foraminifera living in different water 
depths (Kroon and Ganssen, 1989; Steens et al, 1992; Schneider et al, 1994; Wefer et al, 
13 18 
1996). The difference in the isotope data (A8 C and A8 O) between the deep living N. 
pachyderma (dex.) and the shallow living G. bulloides might then reveal some information 
about the water masses in the respective depths (see Marchant et al, subm, for details). Before 
using the A5 data the isotope data have to be corrected for species specific vital effects. For G. 
13 18 
bulloides of-250 um these vital effects are -2%o for 5 C and -0.8%o for 5 O (Spero and Lea, 
1996) and for N. pachyderma -\%> for 813C and 0.8%o (Kohfeld etal, 1996) to -l%o (Bauch et 
18 
al, 1997) for 5 O. However, in contrast to the literature data our results indicate that the 
13 
offset between the vital effects for 8 C between the two species is ~1.4%o instead of l%o (Fig. 
13 
7). This becomes obvious from A8 C values ranging around 0.4%o between August 1993 and 
18 
January 1994, when the A8 O data clearly indicate a well mixed water column (see below) in 
13 18 
which the A8 C ideally should approach 0 (as the A8 O data do). 
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Fig. 8: Estimated export production (calculated using the open ocean composite of 
Martin et al. (1987)) at the mooring site (30°S, 73°11'W) in the Peru-Chile Current for 
the sampling periods 1991/92 (El Nino conditions) and 1993/94 (normal conditions). The 
time axis is frora July to June. 
18 
The A5 O data mainly reflect the temperature differences between the deep and the shallow 
18 
habitats. Marchant et al. (subm.) took a ränge of ± 0.3%o for AS O indicating that both species 
18 
lived in the same water mass, i.e. upwelling conditions, while a AS O >0.3%o indicates 
difFerent water masses and, thus, stratification of the water column. Therefore, the 
18 
Interpretation of the A8 O, mainly afFected by temperature, is much more straightforward as 
13 
for the more complex 8 C data, afFected by mixing processes, primary production and air-sea 
12 12 
gas exchange. The preferred uptake of C by photosynthesis and the release of C by 
degradation of organic matter below the photic zone results in a typical carbon isotope depth 
13 13 
profile of SCO2 characterized by C enriched surface waters and C depleted deeper waters 
13 
(Kroopnick, 1985). This pattern is disturbed by upwelling processes, which bring C depleted 
subsurface waters to the surface, what is expected to affect also the carbon isotope signal in 
foraminiferal Shells. 
Earlier studies have shown that particular species of planktic foraminifera exhibit general 
13 
trends in their 5 C data which are most likely related to upwelling intensity or surface water 
produetivity (e.g. Kroon and Ganssen, 1989; Sautter and Thunnel, 1991; Wefer and Fischer, 
13 
1993). The most notable trend, although not understood so far, is the tendency for 8 C ofthe 
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shallow living G. bulloides to increase under high productivity conditions (Kroon and Ganssen, 
1989). In contrast, N. pachyderma, described as being a very good indicator for the 8 C of £ 
CO2 in the water (Sautter and Thunnel, 1991), becomes enriched in C during upwelling. As 
13 13 
the 8 C of G. bulloides is always much lower as the 8 C of N. pachyderma, the difference 
13 13 
between the 8 C values of these two species (A8 C) should be smaller under upwelling 
conditions than during non-upwelling periods (Schneider et al, 1994). 
13 During the normal year 1993/1994 the 8 C record of N. pachyderma shows httle Variation, 
although a slight increase after February can be observed (Fig. 7). More variability is displayed 
13 
by the 8 C record of G. bulloides, which shows the strengest excursions, this time to lower 
13 18 
values, also after February. However, the Ad C and the AS O records show very similar 
patterns. Both records reflect upwelling conditions between August and February as indicated 
18 13 
by A8 O data varying within the ±0.3%o ränge (Marchant et al, subm.) and A8 C data 
18 
showing relatively low values <0.7%o (Fig. 7). Between February and June the A8 O data are 
13 
continuously >0.3%o pointing to a stratified water column, while the A8 C data vary between 
13 8 
high and low values (Fig. 7). During this period the A8 C are high (>0.7%o) when the A8 O 
data are >0.7%o, i.e. high temperature difference corresponding to strong stratification. When 
stratification is less developed (A8180 = 0.3-0.7%o) the A813C data fall below 0.7%o. Possibly 
these periods (April, late May and late June) reflect minor upwelling events close to the coast, 
from where refreshed surface waters reached our mooring site 100 nm off the coast not before 
18 
the stratification of the water column has already begun. Actually the original 8 O data of G. 
bulloides indicate a cooling during these periods (Marchant et al., subm), while its slightly 
13 18 13 
higher 8 C data also indicate upwelling. Looking on a A8 0 vs. A8 C plot (Fig. 9) reveals the 
18 
possible differentiation of environmental conditions of these data. Thus, the A8 O and the 
13 
A8 C values of these two species are good recorders of the upper water column structure, i.e. 
upwelling versus stratification, in the PCC. 
Combining the proxies for the surface water productivity (estimated ExP) and for the 
upwelling intensity (A8 isotope data) a coherent pattern develops. The seasonal cycle in the 
normal year 1993/94 in the PCC is marked by a distinct upwelling season between August and 
February marked by high ExP values beginning with the bloom event in August/September. 
From February to June the water column is stratified, with only some minor upwelling events 
occurring. However, these minor upwelling events do not result in increased export 
production, which is low throughout the stratification season. 
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Fig. 9: Correlation of A8 O and Ad C data for the normal years 1993/94 and for the El 
Nino year 1991/92. The numbers indicate the month in which the respective sample has 
been collected. 
Comparison between El Nino and "normal" conditions 
According to the CZCS data, the winter bloom is the main event in the PCC at 30°S off Chile 
(Thomas et al, 1994). Unfortunately, this season has not been sampled in the El Nino year 
1991. Thus, without these data a comprehensive comparison of El Nino and normal conditions 
cannot be given. Nevertheless, the 6 months comparison from spring to fall reveals some very 
interesting features. 
Keeping the depth-dependent variations in the flux in mind, the normal fluxes from 2300 m 
(CH3-1 and CH4-1; corrected to 3700 m, Tab. 3), can be compared with the El Nino fluxes 
from 3700 m for the time interval November 7 to April 8. For this period of 160 days the total 
-2 -2 
fluxes are very similar with 17.55 g m for normal conditions and 18.40 g m for El Nino 
conditions, respectively. 
Surprisingly, there is an almost perfect temporal fit of minor flux events within the seasonal 
flux pattern. The most prominent signal in the limited El Nino record, the peak flux in 
November/December, occurred exactly at the same time when two years later in 1993 the total 
flux and the organic carbon, opal and lithogen fluxes revealed remarkable increases (Figs. 3 
and 4). Another even smaller event occurred in March 1992 and in February 1994 (Figs. 3 and 
4) again with a very similar pattern in both years, this time marked by increased 
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carbonate and organic carbon fluxes. In addition, throughout the record, the opal/carbonate 
ratios (Fig. 6) show an almost identical pattern (with the exception of the first and the last 
sample of the El Nino record). Thus, besides the fact, that the general setting has been 
modified by El Nino conditions in 1991/92, these patterns indicate, that the seasonal rhythm 
for the driving forces stimulating upwelling events (i.e. finally flux events) and that the seasonal 
sequence of dominating primary producers (as seen from the opal/carbonate ratio) are 
persistent features almost unafFected by El Nino type SST variations. 
However, looking in detail reveals some differences in the two records. Although the total 
amount of the flux shows almost no difFerence, the fluxes of organic carbon and lithogenic 
matter are increased by almost 30% under El Nino conditions (Tab. 3) for the six months 
period, however, with distinct seasonal variations. Between November and January the total 
flux is 13% lower under El Nino conditions, mainly due to lower carbonate and opal fluxes, 
while the organic carbon flux is even higher (+9%) than under normal conditions (Tab. 3). As 
the higher organic carbon flux is not reflected in the opal and carbonate fluxes it probably does 
not reflect increased productivity. Surprisingly, the ExP estimate for November 1991 is even 
higher than the ExP during the bloom event in September 1993 (Fig. 8). However, a marked 
feature of the flux pattern of the El Nino record is the sharp decline of the flux after the 
November event, what might indicate a much faster Sedimentation of this event in 1991 than in 
1993. Less time available for bacterial degradation would result in the increased organic carbon 
flux and, thus, in the peak ExP values. 
Between January and April 1991 the total flux was 22% higher as in 1993, with all constituents 
being increased, however, with an exceptionally high increase for the lithogenic flux of 150% 
(Tab. 3). A possible explanation for the much higher lithogenic flux could be the higher rainfall 
in central Chile associated to El Nino events (Gomez and Pozas, 1985; Romero and Garrido, 
1985), resulting in increased run-offand increased terrigenous sediment supply to the ocean 
(Lamy et al., subm.). Additionally, a stronger eastern component in the prevailing southerly 
winds might have increased the eolian input of terrigenous material (Fig. 3). Assuming a 
somewhat coarser-than-normal grain size composition of the lithogenic matter under these 
conditions the higher lithogenic flux might act as a downward transport vehicle for the other 
flux constituents (Schäfer et al, 1996), thus, also increasing their fluxes (Tab. 3). 
The stable carbon isotope data show in general a similar pattern during El Nino conditions as 
during normal conditions (Fig. 7), although the change to heavier values in G. bulloides and to 
lighter values in N. pachyderma, both indicating increased stratification of the water column, 
occurred already two months earlier in 1992. This earlier change is also reflected in 
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13 18 
the A8 C and A5 O data (Fig. 7). The general significant positive correlation between the 
13 18 
A8 C and the A8 O found under normal conditions is only developed during the first part of 
13 
the El Nino record (Fig. 9). The end of the upwelling period is characterized by low A8 C 
18 
(<0.7%o) and A8 O (<0.4%o) values in November and December, followed by higher values 
13 18 
(A8 C = 0.9 to 1.3%o; A8 O = 0.4 to 0.7%o) reflecting a stratified water column in January and 
February. Although the SST was 2°C higher in early 1992 (Fig. 3) the A8180, i.e. the 
temperature difference between the habitats ofthe two foraminifera species, was smaller (Figs. 
7 and 9), pointing to even more increased subsurface temperatures. These are probably due to 
a considerably deepened thermocline under El Nino conditions (Blanco and Diaz, 1985) 
forcing N. pachyderma to live above the main thermocline in relatively warm waters, however, 
which were colder than the real surface waters. 
18 
Another period marked by similar high A8 O values, i.e. stratification, occurred in Maren/April 
13 
1992 (Fig. 7). In contrast, this time low A8 C data indicated increased produetivity as also 
reflected in slightly increased organic carbon and carbonate fluxes (Fig. 6). A similar isotope 
signal has been observed during the minor upwelling events in 1994 (Fig. 9). In February 1992 
18 18 
low A8 O data (due to a cooling of the surface waters as reflected in the 8 O data of G. 
bulloides; Marchant et al, subm.) indicate an upwelling event with a well mixed water column, 
13 
whereas both species record quite different 8 C data, pointing to a stratified water column 
(Fig. 7). So far we cannot provide an explanation for this contradiction. 
The comparison ofthe isotope data obtained frorn normal and frora El Nino conditions reveal 
that the upwelling season is well reflected in the A8 C vs. A8 O plots (Fig. 9), thus, indicating 
similar water column struetures and produetivity regimes regardless of the general different 
setting in El Nino and in normal years. Differences occurred during the stratification season, 
when under El Nino conditions (1) temperature differences between the two habitats are 
18 
smaller and when (2) upwelling conditions recorded in the A8 O record are contradicted by 
the stable carbon isotope data. 
SUMMARY AND CONCLUSIONS 
The seasonal pattern of the particle flux in the southern Peru-Chile Current (30°S) is 
characterized by a distinet bloom event in September following peak pigment concentrations in 
the surface waters in July. As the comparison of flux data frorn 2300 m and 3700 m water 
depth reveal high sinking speeds (>300 m d'), this two months offset is probably due to upper 
water column processes (as e.g. the development of a deep Chlorophyll maximum). After the 
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bloom event the flux composition changed to lower opal and higher carbonate contents. The 
flux remained on an intermediate level until January and decreased later on to a low flux period 
between January and June. The total annual flux in 2300 m water depth amounts to 65.1 g m , 
-2 -1 
with an estimated export production of 42 gC m a . 
Comparing the stable carbon and oxygen isotope data of the deep living planktic foraminifera 
N. pachyderma and of the shallow living G. bulloides clearly indicates a persistent upwelling 
regime from August to February. These upwelling conditions are associated with high flux and 
production rates of the bloom and post-bloom periods. Between March and June the isotope 
data point to a well-stratified water column only occasionally affected by minor upwelling 
events closer to the coast. During the stratification period the flux and production rates are 
rather low. 
Focusing on the intermediate to low flux period November to April, the comparison of the 
particle fluxes in the Peru/Chile Current under normal (1993/94) and under El Nino (1991/92) 
conditions reveals almost no variations in the total flux and in the timing of minor flux events. 
Increased proportions of organic carbon and lithogenic matter under El Nino conditions are 
interpreted to reflect different Sedimentation processes (as e.g. faster Sedimentation and 
preferred scavenging of organic matter by increased lithogenic fluxes) rather than increased 
productivity. Detailed analyses of the planktic foraminifera flux indicate even slightly lower 
foraminiferal fluxes and, thus, lower secondary production under El Nino conditions (Marchant 
et ah, subm.). Higher lithogenic fluxes are probable during El Nino years, when increased 
precipitation in the arid to semiarid northern part of Chile results in increased river run-off and 
supply of lithogenic matter to the ocean, favouring organic matter Sedimentation via particle 
loading in the offshore waters. 
Stable isotope data indicate an earlier change form the upwelling to the stratification season 
under El Nino conditions (January versus March). Interestingly, the temperature difference 
18 
(A8 O) between the deep living N. pachyderma and the shallow living G. bulloides during the 
stratification period is lower in the El Nino year. In spite of the warmer SST in 1991/92 (as 
18 
also reflected in the 5 O data of G. bulloides; Marchant et ah, subm.) also the subsurface 
waters must have been considerably warmer under El Nino conditions (as also reflected in the 
18 
5 O data of N. pachyderma; Marchant et ah, subm.). This Observation is interpreted to 
indicate a distinct lowering of the main thermocline during El Nino conditions. 
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High Resolution Planktic Foraminiferal Record of the Last 13,300 Years from the 
Upwelling Area off Chile 
Margarita Marchant, Dierk Hebbeln and Gerold Wefer 
Geowissenschaften, Universität Bremen, Postfach 330440, D-28334 Bremen, Germany 
ABSTRACT 
A high resolution sedimentary record spanning the last deglacial and Holocene periods was 
obtained by studying the deep-sea sediment core GDC 17748-2 retrieved from 2545 m water 
depth in the Valparaiso Basin on the Chilean continental slope (32°45.00'S; 72°02.00'W) in the 
Southeast Pacific. AMS-14C measurements and oxygen-isotope analyses of the two planktic 
foraminifera species Globigerina bulloides and Neogloboquadrina pachyderma (dex.) indicate 
an age of 13.3 kyr BP. at the base of the core (383 cm) with Sedimentation rates ranging 
between 9 and 92 cm/kyr. Foraminiferal assemblages and accumulation rates were analysed in 
order to investigate variations in paleoceanography and paleoproductivity in the southern Peru-
Chile Current during the last 13 kyr. Changes in foraminiferal assemblages indicate the 
sequence of three major hydrographic regimes at the site of the core. Deglacial Sediments are 
characterised by strong variations with intensified upwelling and higher productivity. This 
period (13.3-10.6 kyr BP.) is marked by a Subantarctic assemblage of planktic foraminifera. 
During early and middle Holocene upwelling and subsequently productivity decreased. The 
importance of the Subtropical Surface Water of the Peru-Chile Countercurrent increased, as 
indicated by elevated numbers of Neogloboquadrina dutertrei. Faunal assemblages from the 
last 3 kyr indicate variable environmental conditions with increased upwelling. This period is 
also characterised by more frequent and more intense El Nino events. The last two periods 
(<10.6 kyr B.P.) are associated with a Transitional planktic foraminiferal assemblage. 
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INTRODUCTION 
From a marine geological point of view, the southern part of the Peru-Chile Current (FCC) is 
among the least studied regions of the world ocean. Compared to other Eastern Boundary 
Currents (EBC) the PCC Stands out as the EBC with the longest N-S extension and a strong 
continuous upwelling regime resulting in a very high biological productivity (>200 gC nr2 
yr 1 ) (Berger et a/.,1987). In addition, the Southeast Pacific off Chile is heavily influenced by 
El Nino events, which warm up the surface waters, resulting in strongly reduced primary 
production (Wallace and Vogel, 1994). 
In spite of the climate forcing glacial/interglacial variations of atmospheric C02-concentrations 
known from ice core records (Barnola et ai, 1987), a higher marine productivity has been 
proposed for glacial times (Berger et al, 1989). Nowadays 50% of the global ocean export 
production are produced within only 15% of the ocean area, namely in upwelling areas and in 
the coastal seas (Berger et ai, 1989). Thus, also for the reconstruction of paleoproductivity 
and its relation to climate through the Late Quaternary climatic cycles, these regions are of 
greatest importance. 
Glacial/interglacial variability of climate-ocean interactions can be traced by studying the flux 
and faunal composition of planktic foraminifera through the last climatic cycles (Peterson et 
al., 1991; Oberhänsli, 1991; Kennett and Venz, 1995). Planktic foraminifera can reveal detailed 
information about surface ocean conditions in terms of water mass distribution, sea surface 
temperatures and productivity. In addition, the accumulation of benthic foraminifera is also 
closely related to surface water productivity (Herguera and Berger, 1991). 
In the modern Peru-Chile Current the planktic foraminiferal assemblage is dominated by 
Neogloboquadrina pachyderma, with a dominance of the left-coiling form south of 33°S and 
with a dominantly dextral-coiled population of N. pachyderma to the north of 33°S (Bandy and 
Rodolfo, 1964; Boltovskoy, 1976). South of 40°S the species Globigerina bulloides, 
Globigerinita uvula, Globigerinita glutinata and Globorotalia inflata, and a predominance of 
N. pachyderma (sin.) over N. pachyderma (dex.) were recorded by Boltovskoy (1976) as a 
typical Subantarctic assemblage, following the zonation scheme of Be and Tolderlund (1971). 
In contrast, a mixed fauna was found between 31-33°S. It consists of the cold water species, 
N. pachyderma, G. bulloides, G. uvula, Globorotalia scitula and the warm water species, 
Neogloboquadrina dutertrei, Globorotaloides hexagonus, Globigerinella siphonifera, 
Globorotalia hirsuta and Globigerinoides ruber (Boltovskoy and Theyer, 1970). The latter 
group is typical for the southernmost part of the Transitional assemblage. Thus, the boundary 
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between the Subantarctic and Transitional assemblages is presently at approximately 33°S off 
the coast of Chile (Boltovskoy, 1976). 
Studies of planktic foraminiferal assemblages coUected in sediment traps deployed off 
Coquimbo, Chile (ca. 30°S) suggest that a seasonal succession of species occurs during the 
year (Marchant et al, subm). High fluxes of planktic foraminifera occur between August and 
January, opposed by low fluxes during the rest of the year. Comparing foraminiferal fluxes 
under El Nino conditions with those coUected during normal conditions points to a shift in 
species composition. Most obvious are the much higher numbers oiN. dutertrei under El Nino 
conditions, which replace most of the N. pachyderma (sin.) flux found under normal 
conditions. 
Here we present the first detailed reconstruction of paleoenvironmental conditions in the PCC 
deduced from planktic foraminifera assemblages. This reconstruction spans the last 13.3 kyr 
including the end of the deglaciation and the Holocene. The objective of this study is (1) to 
establish a high resolution sequence of paleoceanographic events in the Peru-Chile Current 
during the last 13 kyr, (2) to compare deglacial and Holocene environmental conditions by 
planktic foraminiferal assemblages and (3) to analyse the intensity of upwelling and 
productivity in the Peru-Chile Current during the deglaciation and the Holocene. 
REGIONAL AND OCEANOGRAPHIC SETTING 
The Valparaiso Basin is a 50 by 50 km wide, flat area on the Chilean continental margin off 
Valparaiso (Fig. 1). It is located between 2400 m and 2600 m water depth. A small transverse 
ridge divides the basin in a northern and a southern part. The upper slope ascends steeply 
towards the coast and is cut by two large canyons, which both end in the northern part of the 
basin. 
The oceanography off Chile north of 45°S is controlled by the Peru-Chile Current (PCC, also 
known as Humboldt Current) (Fig. 1). This current originates from the Antarctic Circumpolar 
Current (ACC) transporting Subantarctic Surface Water eastward across the Pacific Ocean. 
Approaching the South American continent the ACC splits into two branches at 40°-45°S 
(Boltovskoy, 1976, Martens, 1981): the Cape Hörn Current (CHC) flows poleward and the 
PCC flows equatorward. The PCC extends to few degrees south of the equator before turning 
west becoming the South Equatorial Current (SEC) (Pickard and Emery, 1982). 
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Off the Chilean coast the PCC can be divided into an oceanic and a coastal branch separated 
occasionally by the poleward flowing Peru-Chile Countercurrent (PCCC, Subtropical Surface 
Water) (Shaffer et al, 1995; Strub et al, in press) (Fig. 1). These surface water masses are 
underlain by the Günther Undercurrent (GUC, Equatorial Subsurface Water), which is mainly 
located between 100 m and 400 m water depth over the shelf and the continental slope. 
Between 400 m and 1200 m water depth Antarctic Intermediate Water (AAIW) flows 
equatorward underlain by sluggishly poleward flowing Pacific Deep Water (PDW). 
Perennial southerly winds result in Ekman-drift induced upwelling of cool, nutrient-rich waters 
along the Chilean coast (Brandhorst, 1963). Due to the continuous and intense coastal 
upwelling the PCC belongs to the most important high productivity regions in the world ocean 
(Berger et al, 1987). Although the winds are upwelling-favourable throughout the year (Strub 
et al, in press) the physical and the biological settings display distinct seasonal patterns. Off 
Valparaiso primary productivity is highest during the austral winter (Thomas et al, 1994) 
when sea surface temperatures are lowest. During this time the wind direction shifts from 
predominantly southeasterly to southwesterly directions. The particle flux in the PCC reflects 
this seasonal pattern with highest fluxes in late winter (September), intermediate fluxes until 
January and low fluxes between January and July (Hebbeln et al, subm.). 
MATERIAL AND METHODS 
The gravity core GIK 17748-2 was taken from the southern part of the Valparaiso Basin on 
the continental slope to the north off Valparaiso, Chile (32°45.00'S; 72°02.00'W, 2545 m 
water depth, core length 383 cm) (Fig. 1) by the German R/V SONNE (cruise SO 80) 
(Stoffers et al, 1992). The recovered sediment consists mainly of light brown to olive silty 
clays with three distinct dark sandy turbidites. For this study the core was sampled in 5 cm 
intervals in two sample sets. 
One sample set was sieved through a 63 um sieve. The remaining coarse fraction was oven 
dried at 50°C and dry sieved in three fractions (63-150 um, 150-212 um and >212 um), which 
all were weighted. Of the three size fractions, only the two larger fractions were used for the 
foraminifera investigations. The sieved samples were subsequently divided with a microsplitter 
to a sample size of approximately 200 individuals of foraminifera. All specimens were 
individually picked and identified using the planktic foraminifera species concepts by Kennett 
and Srinivasan (1983) and Hemleben et al. (1989). The abundances of planktic and benthic 
foraminifera were recorded in all samples by counting all individuals >150um. For N. 
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pachyderma the relative abundances of right- (dex.) and left (sin.) coiling individuals were 
determined and both forms were treated as individual species. 
The stable oxygen isotopes (8180) of the near surface living planktic foraminifera Globigerina 
bulloides (Fairbanks et al, 1982) and of the deeper dwelling species Neogloboquadrina 
pachyderma (dex.) (Boltovskoy 1981) were analysed using a Finnigan MAT 251 mass 
spectrometer with an automated carbonate preparation device at the University of Bremen. 10 
to 15 tests (>212 um) (50-200 ug) of each species and sample were picked for each 
measurement. The isotope 1 8 0/ 1 6 0 ratios are expressed in the Standard 5 (%o) notation relative 
to the PDB (Pee Dee Belemnite) Standard. Precision of our determinations is about ±0.07%o 
PDB. Age control is provided by eight 14C analyses. For these datings 10 mg carbonate 
(>3000 tests of planktic foraminifera, G. bulloides and N. pachyderma (dex.)) were picked and 
analysed using the accelerated mass spectrometer (AMS) facility at the University of 
Groningen, the Netherlands. The AMS-dates are corrected for 13C and for a reservoir age of 
400 years (Bard et al, 1987). 
The second sample set was grounded for carbonate content determinations. Carbon analyses of 
the sediment were conducted with an elementary analyser (Hereaus CHN-O-Rapid). Total 
carbon (TC) contents were measured on untreated samples and organic carbon (TOC) Contents 
on HCl-treated samples. Carbonate contents were calculated according to the formula CaC03 
= (TC - TOC) * 8.333. Accumulation rates of carbonate components and of foraminiferal 
numbers are calculated according to the equations given by Van Andel (1975) and by Thiede et 
al. (1982). 
RESULTS AND DISCUSSION 
Chronology 
Comparison with samples from a boxcorer from the same site revealed that the uppermost 13 
cm of the sediment are missing in core 17748-2 (Stofters et al, 1992). Thus, the sediment 
surface with a modern age is set to -13 cm for core 17748-2. Onboard magnetic susceptibility 
measurements revealed three turbidites in 9-16 cm, 47-54 cm and 160-175 cm core depth, 
respectively (Fig. 2) (Stofters etal, 1992). AMS-dates immediately above and below the older 
turbidite clearly show, that this event had no considerable eftect on the sedimentary sequence. 
The same is assumed for the two younger turbidites. 
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Fig. 2. Magnetic susceptibility (from Stoffers et al, 1992) and >63 um records of Core 
17748-2 indicating three distinct turbidites. Relative abundance of redeposited benthic 
foraminifera (>150 um) throughout the core (see text). 
The AMS-14C measurements provided the chrono stratigraphy for this core (Table 1). Two of 
the AMS analyses (11.38 kyr and 12.75 kyr BP.) had a bad measuring protocol and therefore 
these two samples have not been used for the age model, although they fit within the age 
sequence. Based on the six good AMS dates and on a depth scale corrected for the inclusion of 
the topmost 13 cm and for exclusion of the above mentioned turbidites an age model has been 
developed (Fig. 3). The respective age for each depth of the core was obtained through linear 
interpolation between the nearest AMS-dated levels. The estimated age of the oldest retrieved 
sediments (383 cm core depth) is 13.3 kyr BP.. The Pleistocene-Holocene boundary is placed 
at -140 cm depth of the core 17748-2. The time-equivalent with the Pleistocene-Holocene 
boundary is 10 kyr BP. (Berger, 1982). 
The oxygen isotope curves of the two planktic foraminifera species G. bulloides and N. 
pachyderma (dex.) show an almost continuous change from higher to low values reflecting the 
deglaciation and the onset of the Holocene. Throughout the core the 5 O data of G. bulloides 
and N. pachyderma (dex.) exhibit a total ränge of 2.2%o and 1.6%o, respectively (Fig. 3). 
However, a slight depression in the 8 I80 curves between 150 cm and 210 cm core depth (10.3 
kyr to 11.4 kyr BP.) might reflect the Younger Dryas event (11 to 10 kyr BP.; Fairbanks, 
1989) as it is recorded in the global oxygen isotope signal. The 5180 data combined with the 
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age model fit perfectly with the deglaciation timing based on 8 O data developed by Bard et 
al. (1987) (Fig. 3). 
Table 1.- AMS-14C measurements of deep-sea core GIK 17748-2. 
Depth (cm) 14C-dated 
63 - 78 
98 - 103 
128 
153 - 158 
183 -188 
228 - 238 
273 - 278 
333 - 348 
4160 ± 40 BP 
7290 ± 40 BP 
9650 ± 79 BP 
10920 ± 50 BP 
11600± 50 BP 
11380 ±130 BP 
12750 ± 100 BP 









samples have not been used for the age model. 
Sedimentation rates 
The calculated Sedimentation rates ränge frorn 92 cm/kyr during the deglaciation (188-383 cm, 
11.2-13.3 kyr) to lower values of only 10-30 cm/kyr during the Holocene (0-158 cm, <10.6 
kyr) (Fig. 3). These average Holocene Sedimentation rates give us a temporal resolution of 
approximately 160 to 500 years at a sample spacing of 5 cm. The high Sedimentation rates 
during the deglacial are most likely due to resedimentation processes caused by the postglacial 
flooding of the Continental shelf. This is indicated by higher and more variable coarse fraction 
Contents and by increased percentages of redeposited benthic foraminifera (Fig. 2). 
Four species of benthic foraminifera were used to calculate the percentage of redeposited 
benthic foraminifera. All these species are reported to live in the PCC in distinctly shallower 
waters than the depth of 2545 m, from where the core has been retrieved. These species are 
Bolivina sp. (shallower than 1500 m, Bandy and Arnal, 1960; Ingle et al, 1980), Cassidulina 
laevigata (shallower than 1500 m, Ingle et al., 1980), Cassidulina subglobosa (shallower than 
1500 m, Ingle et al, 1980) and Nonion sp. (restricted to the shelf, Bandy and Arnal, 1960; 
Ingle etal, 1980). Thus, the percentage of redeposited shells based on the occurrence of these 
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species is a minimum estimate as shells of other species most likely also have been redeposited. 
However, only for these four species redeposition is unequivocal. 
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Fig. 3. (a) Stable oxygen isotope records ofN. pachyderma (dex.) and G. bulloides and 
AMS l C-datings in Core 17748-2 versus core depth. (b) Isotope data versus age 
compared to the deglaciation Standard oxygen isotope curve of Bard et al. (1987). (c) 
Resulting age model for Core 17748-2 based on 6 AMS-14C measurements. 
The record of redeposited benthic foraminifera indicates that redeposition is a common process 
in the Valparaiso Basin (Fig. 2). However, in the upper 160 cm of the core the contnbution of 
redeposited shells is rather low (3% on average, disregarding the turbidite layers). Thus, we 
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assume that this part of the core reflects an only slightly altered hemi-pelagic flux signal. In 
contrast, in the lower part of the core the average contribution of redeposited Shells amounts 
to 9%. In combination with the very high Sedimentation rates this is an indicator for a 
substantial contribution frorn redeposited Sediments. 
Carbonate content and dissolution 
The carbonate content varies between 2 and 18% (Fig. 4). The carbonate content is generally 
much lower in the upper (3-48 cm, 0.16-2.62 kyr B.P.) and lower part (228-383 cm, 11.64-
13.32 kyr B.P.) of the core, varying between 2.6-8.7% and 2.3-6.8%, respectively. Between 
48 cm and 228 cm carbonate contents are consistently >12%. The carbonate accumulation rate 
(AR CaC03 g cm-2 kyr1) is much higher (4-10 g cm-2 kyr1) during the deglaciation than 
during the Holocene (1 g cm-2 kyr1) (Fig. 4). 
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Fig. 4. Carbonate content (versus core depth) and carbonate accumulation rate (versus 
age) in Core 17748-2. 
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As Core 17748-2 has been collected frora clearly above of the calcite compensation depth it 
should not be afFected seriously by carbonate dissolution. The preservation of the foraminifera 
Shells is generally good as e.g. reflected in the high abundance of G. bulloides (Fig. 5), which is 
a relatively delicate form sensitive to carbonate dissolution (Vincent and Berger, 1982), 
suggesting that the faunal composition is not significantly controlled by dissolution. Thus, the 
striking contrast in the carbonate content of the deglacial and Holocene Sediments is most 
likely not due to variations in carbonate dissolution (Fig. 4). 
Foraminiferal time series 
Large downcore variations in the absolute abundances of the total planktic and benthic 
foraminifera faunas (>150 um) and in the relative abundances of the dominant species indicate 
considerable past changes in the environmental conditions in this region. Absolute 
concentrations of planktic foraminifera show a distinct maximum (400-600 ind/g sediment) 
during the early Holocene (90-130 cm, 5.5-9.8 kyr BP.) (Fig. 5). 
After much lower concentrations (80 ind/g sediment) during the deglaciation (>240 cm, 11.8-
13.3 kyr BP.) the increase to the high early Holocene values Start already at 11.8 kyr, at a time 
when the Sedimentation rates and percentages of redeposited benthic foraminifera were still on 
very high levels (92 cm/kyr, Fig. 2 and 3) indicating ongoing significant resedimentation. The 
high concentrations during the early Holocene dropped within 2.5 kyr (90-60 cm) to very low 
late Holocene levels of 10 to 70 ind/g sediment for the last 3 kyr (Fig. 5). 
An examination of the faunal composition revealed major proportions of six species, which 
account on average for approximately 95% of the total planktic foraminiferal assemblage: N. 
pachyderma (dex), is the dominant species (43%) together with G. bulloides (32%), N. 
pachyderma (sin.) (8%), N. dutertrei (4.8%), G glutinata (3.8%) and G. inflata (2.6%) (Fig. 
5). In total, 21 planktic foraminifera species in 11 genera and 4 families were identified in Core 
17748-2 (Table 2). 
To a first approximation, the relative proportions of the two most dominant species N. 
pachyderma (dex.) and G. bulloides are mainly negatively correlated (Fig. 5). The relative 
abundance of N. pachyderma (dex.) is almost constant (35-40%) during the deglaciation (13.3 
to 11.4 kyr). Percentages started to increase through the Holocene to a maximum of >60% 
between 7 and 2 kyr. In contrast, G. bulloides has its highest relative abundance during the 
deglaciation (13.3 to 11.4 kyr) with a maximum (>35%) between 12.2 and 11.4 kyr. During 
the Holocene G. bulloides became steadily less important reaching minimum values of 10% 
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within the last 3 kyr. This Observation implies that both species have different environmental 
preferences (Fig. 5). 
Some similarity to the G. bulloides record is displayed by the N. pachyderma (sin.), the G. 
inflata and by the G. glutinata records, which all show elevated percentages during the 
deglaciation. N. pachyderma (sin.) varied continuously between 10% and 20% until 10.9 kyr. 
During the same time interval (13.3 to 10.9 kyr) G. glutinata and G. inflata had increased 
percentages (both 8%) between 13.3 and 12.4 kyr and between 11.8 and 10.9 kyr (with 6% 
and 3%, respectively). In the early Holocene (10.6 to 3 kyr) the contribution of these three 
species is only minor with <5% for N. pachyderma (sin.), < 4% for G. glutinata and <2% for 
G. inflata (Fig. 5). G. inflata reaches high abundances near the continent, because this species 
requires an only weakly stratified surface layer, lowered surface-water temperatures and 
relative high food-levels (Van Leeuwen, 1989). G. glutinata is a fairly ubiquitous species, 
occurring frorn tropical to polar regions without special preferences (Be and Tolderlund, 
1971). 
Quite difFerent is the N. dutertrei record. N. dutertrei did not occur in considerable numbers 
before 10.6 kyr. Then it contributed an average 10% to the planktic foraminifera fauna and had 
only one relative maximum (60%) in the youngest Sediments (<2 kyr). The last 2 kyr are 
characterised by a very special species composition with extremely high percentages of N. 
dutertrei and with high abundances of N. pachyderma (sin.), G. glutinata, and G. inflata. Only 
N. pachyderma (dex.) displays a remarkable drop in percentage during this interval (Fig. 5). 
From these data several conclusions can be drawn. Comparing the total planktic foraminifera 
assemblage throughout the core reveals a change from a Subantarctic to a Transitional 
assemblage at 10.6 kyr B.P. (Fig. 5). This change is manifested by the distinct relative decrease 
of the cold water species N. pachyderma (sin.) and G. inflata opposed by the increase of the 
warmer water species N. pachyderma (dex.) and N. dutertrei. In addition, Globigerina 
falconensis and Globigerinoides tenellus only occur between 10.92 and 13.32 kyr (173-383 
cm), whereas some warm water species as e.g. Globigerinella digitata and Globorotalia 
tumida appear only within the last 10.6 kyr (3-168 cm). Thus, warm water species are 
dominant since at 10.6 kyr B.P.. 
This conclusion is supported by the distribution pattern of N. dutertrei. N. dutertrei lives in the 
Chlorophyll maximum associated with the thermocline and requires higher water temperatures 
(preferably >20°C; Be, 1977) than N. pachyderma (dex.) (Fairbanks et al., 1982). Sediment 
trap investigations from the PCC indicate that N. dutertrei is related to the Subtropical Surface 
Water of the PCCC, which extends furthest south during El Nino years resulting in 
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considerably enhanced fluxes of N. dutertrei in the PCC off Chile (Marchant et al, subm). 
Thus, the N. dutertrei record (Fig. 5) suggests that more Subtropical Surface Water has been 
advected to the study area after 10.6 kyr B.P.. Especially the relative increase to >60% during 
the last 2 kyr is in accordance with other paleo-El Nifio records, which indicate the onset for El 
Ninos 7 kyr ago, with an intensification to the present-day level within the last 3 kyr (McGlone 
etat., 1992). 
Sediment trap studies from the PCC showed that N. pachyderma (dex.) is the dominant species 
throughout the year with its highest relative abundances during the stratification (March to 
June) season (Marchant et al, subm). In contrast, G. bulloides, as one of the principal 
upwelling indicators under coastal upwelling conditions (Thiede, 1975), shows a strong 
seasonal association with upwelling conditions in the modern PCC (Marchant et al., subm.). N. 
pachyderma (sin.), often described as being related to coastal upwelling regimes (Oberhänsli, 
1991; Little et al, 1997), is most abundant today during the upwelling season in the PCC 
(Marchant et al, subm.). Thus, the relative abundance pattern of these two species in Core 
17748-2 can be interpreted as a proxy for the upwelling intensity in the PCC during the last 
13.3 kyr (Fig. 5). 
Higher relative abundances of N. pachyderma (sin.) and G. bulloides during the deglaciation 
(13.32 -10.6 kyr) indicate stronger coastal upwelling during this period. In contrast, during the 
Holocene (with the exception of the last 2 kyr), coastal upwelling was weaker. A similar 
pattern is revealed by foraminiferal accumulation rates (Fig. 6). These show remarkable higher 
accumulation rates of planktic and benthic foraminifera between 13.3 and 9.7 kyr B.P. 
compared to the younger Holocene record. However, when comparing these two periods the 
differences in resedimentation intensity have to be kept in mind. According to the relative 
abundance of redeposited benthic foraminifera (Fig. 2), resedimentation intensity was 3 times 
higher during the deglaciation then during the Holocene. Assuming that planktic foraminifera 
are affected by resedimentation in a similar way as benthic foraminifera, threefold higher 
accumulation rates during the deglaciation can be attributed to redeposition. Actually, both, the 
accumulation rates of planktic and of benthic foraminifera, were 5 times higher during the 
deglaciation (Fig. 6), thus, pointing to really enhanced productivity during this period. 
However, as the sedimentary sequence is almost continuously affected by resedimentation, 
foraminifera fluxes and, thus, surface water productivity cannot be reconstructed 
quantitatively. 
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Species 
1. 6. bulloides 
2. G. falconensis 
3. G. calida 
4. G. digitata 
5. G. siphonifera 
6. G. glutinata 
7. G. ruber 
8. G. tenellus 
9. G. crassaformis 
10. G. inflata 
11. G. scitula 
12. G. truncatuliformis 
13. G. tumida 
14. G. hexagonus 
15. G. rubencens 
16. N. dutertrei 
17. N. pachyderma (dex.) 
18. N. pachyderma (sin.) 
19. 0. universa 
20. T. iota 
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Fig. 5. Time series of absolute and relative abundances of the six most important planktic 
foraminifera species (>150 um) in core GIK 17748-2. The age model is indicated on top 
of the graph. 
Of special interest are the last 3 kyr, when the accumulation rate of benthic foraminifera 
increased again. During this interval the species composition of planktic foraminifera is affected 
by considerable changes. As mentioned above, the relative abundances of N. dutertrei, N. 
pachyderma (sin.) and G. glutinata increased, while only the contribution of N. pachyderma 
(dex.) decreased from 70% to 20% (Fig. 5). Also this shift in species composition points to an 
increase in surface water productivity. However, especially the N. dutertrei record indicates 
very variable paleoceanographic conditions. Although confined to warmer surface waters (as 
e.g. the Subtropical Surface Waters of the PCCC), in the study area N. dutertrei is nowadays 
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related to oceanographic fronts, where the warm waters meet nutrient-rich upwelhng waters 
(Marchant et al, subm.). Thus, the parallel increase of N. dutertrei and N. pachyderma (sin.) 
point to an increased competition of Subtropical Surface Waters and upwelhng waters. Such a 
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Fig. 6. Accumulation rates of planktic and benthic foraminifera in Core 17748-2. The 
data for the 150-212 um and the >212 um fractions are plotted in a cumulative sense to 
display also the accumulation rate for all Shells >150 um. 
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Strong variability in surface ocean conditions might favour the development of diatom blooms 
without leaving enough time for planktic foraminifera to grow to large populations. In such an 
environment, the diatom flux to the sea floor would provide enough food for an increased 
benthic foraminifera Community resulting in increased benthic foraminifera accumulation rates. 
At the same time the accumulation rate of planktic foraminifera would be very low, as it was 
the case in the PCC during the last 3 kyr (Fig. 6). 
Comparison with the terrestrial record 
There are contradicting climatic interpretations of the terrestrial record from South America, 
especially regarding the Younger Dryas event. According to Markgraf (1991) and Villagran 
(1993) there is no record of a Younger Dryas event in South America. In contrast, Mercer and 
Palacios (1977) and Thompson et al. (1995) found indications for a Younger Dryas signal 
around 11.5 kyr B.P. in ice cores from Quelccaya and Huascarän, Peru, and Heusser and 
Streeter (1980) found palynological evidence for a cooling in southern Chile at that time. In 
our data a comparable signal is only found in the 8 O record (11 kyr B.P.; Fig. 3). However, 
this excursion in the isotope record is most likely part of the global isotope signal and is, 
therefore, not related to any paleoclimatic event in the Southeast Pacific. The principal obstacle 
in resolving the controversy regarding a Younger Dryas signal in South America is a poor 
understanding of the connection between the cordillera and coastal climatic record. A 
convincing climatic model for both environments is still lacking. 
Palynological investigations from Central Chile (34-32°S) revealed a paleotemperature record, 
which flts to the paleoceanographic conclusions drawn in this study. Villagran (1993) reported 
that the temperature increased since 11 kyr B.P., and reached its maximum about 9.4 kyr B.P. 
due to the increasing strength of the Pacific Anticyclone, which reached its maximum intensity 
at 13 kyr B.P. and its minimum intensity at 7.5 kyr BP.. At about 10 kyr B.P. the subantarctic 
woods disappeared, the acuatic taxa decreased, and the herbaceous and brushwood semi-arid 
elements began to dominate (Villagran, 1993). Pollen evidence suggest that modern Vegetation 
patterns were established at about 3 kyr (Villagran, 1993). 
SUMMARY AND CONCLUSIONS 
Based on the analysis of the planktic foraminifera record in a deep-sea sediment core from the 
Valparaiso Basin at the Chilean continental slope the evolution of the Peru-Chile Current 
during the last 13.3 kyr can be divided into three parts. The first part (up to 10.6 kyr B.P.) is 
characterised by a Subantarctic assemblage of planktic foraminifera. In addition, the species 
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composition (high proportions of G. bulloides and N. pachyderma (sin.)) as well as the 
accumulation rates of planktic and benthic foraminifera point to a relatively high productivity in 
the surface waters which can be attributed to intensified coastal upwelling. However, due to 
varying resedimentation intensities, as estimated in terms of abundances of redeposited (i.e. 
originally in shallower waters living) benthic foraminifera, paleoproductivities cannot be 
assessed quantitatively. 
After 10.6 kyr B.P. the species composition of planktic foraminifera points to a considerable 
warming (increasing relative proportions of N. dutertrei and N. pachyderma (dex.) and less N. 
pachyderma (sin.), G. bulloides and G inflata) resulting in the shift to a Transitional 
assemblage. Remarkable is the sudden appearance of N. dutertrei at this time. In the present 
Southeast Pacific this species reflects the advection of relatively warm Subtropical Surface 
Water and, in addition, it is much more abundant during El Ninos than under normal 
conditions. Thus, it is assumed that the number and/or intensity of El Nino events was greater 
during the Holocene than during deglaciation. After 9.7 kyr B.P. the foraminiferal 
accumulation rates drop significantly, indicating low productivity for most of the Holocene, as 
also reflected in the changing species composition. 
Another marked change in the faunal assemblage occurred around 3 kyr BP. During the late 
Holocene N. dutertrei was the dominant species with elevated proportions of N. pachyderma 
(sin.) and G. glutinata opposed by a significant decrease in the proportion of N. pachyderma 
(dex.). This assemblage indicates very variable conditions with increased upwelling on one 
hand and increased warm water advection on the other hand. This variability most likely results 
from an intensification of the El Nino System, which is also evident from terrestrial paleo-
records deposited during the last 3 kyr. 
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4. SCHLUßFOLGERUNGEN 
Mit den hier vorliegenden hochauflösenden Partikelflußzeitreihen aus dem Peru-Chile Strom 
lassen sich detaillierte Erkenntnisse über das Zusammenspiel zwischen Auftrieb und Produktion 
und über die Veränderungen der StoftTlüsse beim Durchsinken der Wassersäule in diesem 
Meeresgebiet gewinnen. Durch die Kombination von Partikelfluß- und Sediment-
untersuchungen in einem räumlich begrenzten Arbeitsgebiet wurde außerdem die Möglichkeit 
geschaffen, für die Rekonstruktion der Paläoumweltbedingungen aus der Analyse fossiler 
Foraminiferengemeinschaften auf einen hervorragenden 'Eichdatensatz" zurückgreifen zu 
können. 
Das saisonale Muster des Partikelflusses im südlichen Peru-Chile Strom wurde zwischen Juli 
1993 und Juli 1994 durch das Absinken einer Planktonblüte im September dominiert. Nach 
dem Absinken der Blüte änderte sich die Partikelflußzusammensetzung (geringere Opal- und 
höhere Karbonatgehalte) und die Flußrate blieb bis Januar bei fortgesetztem Auftrieb auf einem 
mittleren Niveau. Zwischen Januar und Juli trat kein Auftrieb mehr auf, die Wassersäule war 
stratifiziert und die niedrigsten Flußraten im Jahresverlauf wurden erreicht. Der jährliche 
Gesamtfluß in 2300 m Wassertiefe betrug 65 gm'2. Aus den Flußdaten ließ sich eine 
geschätzte jährlichen Exportproduktion von 42 gC m"2 ableiten. 
Als wichtiger Bestandteil des Karbonatflusses wurde der Foraminiferenfluß detailliert 
untersucht. Dabei zeigten sich sowohl bezüglich der Anzahl absinkender Foraminiferen als 
auch bezüglich der Faunenzusammensetzung deutliche saisonale Variationen. Der 
Foraminiferenfluß wies, ähnlich wie der Gesamtfluß, hohe Werte zwischen Juli und Februar 
und deutlich niedrigere Werte zwischen Februar und Juli auf, wobei das Maximum im 
Foraminiferenfluß allerdings erst Anfang November auftrat. Veränderungen in der 
Faunenzusammensetzung waren vor allem zwischen November und Februar, der Endphase des 
starken Küstenauftriebs, zu beobachten. Während dieser Zeit sind deutlich erhöhte Flüsse von 
N. pachyderma (sin.), G bulloides und N. dutertrei aufgefangen worden, wobei letztere eher 
an ozeanographische Fronten als an den Küstenauftrieb, wie die beiden erstgenannten Arten, 
gebunden scheint. 
Die Auftriebsintensität wurde detailliert über die A8180 und die l3C Signale, das sind 
Vergleiche der stabilen Sauerstoff- und Kohlenstoffisotopendaten der tieflebenden planktischen 
Foraminifere N. pachyderma (dex.) und der Oberflächenwasserart G. bulloides rekonstruiert. 
Dabei zeigte sich, daß der saisonale Zyklus im Peru-Chile Strom generell in eine 
Auftriebsperiode (August bis Februar) und eine Periode mit stabiler Wasserschichtung (März 
bis Juni), die nur gelegentlich von schwachen Auftriebsergeignissen unterbrochen wird, 
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unterteilt werden kann. Dasselbe saisonale Muster spiegelt sich auch im Fluß von Gesamt- und 
Karbonatforaminiferenfluß wieder. Beide sind beträchtlich höher während der Auftriebssaison 
und reflektieren die Zunahme der biologischen Produktivität während des Auftriebes. 
Während des El Nino Jahres 1991/92 zeigen die Isotopendaten ebenfalls für den Südsommer 
einen Wechsel von Auftriebsbedingungen zu einem System mit stabiler Wasserschichtung an. 
In diesem Jahr hatte dieser Wechsel aber kaum signifikante Auswirkungen auf den 
Karbonatfluß und folglich auch nicht auf die Oberflächenwasserproduktivität. Offenbar 
bewirken die El Nifio Bedingungen ein Absinken der Thermokline unterhalb des 
Ursprungsbereiches der Auftriebswässer, was zum Auftrieb von nährstoffarmen Wasser führt. 
Gestützt wird diese Interpretation durch die Beobachtung, daß die Temperaturdifferenz 
(A5180) zwischen der tieflebenden Art N. pachyderma (dex.) und der flachlebenden Art G. 
bulloides während der Periode mit stabiler Wasserschichtung im El Nino Jahr geringer ist als in 
dem normalen Jahr 1993/94. Da die Meeresoberflächentemperaturen 1991/92 deutlich 
gegenüber 1993/94 erhöht waren, müssen sich demnach auch die Tiefenwässer während der El 
Nino Bedingungen sogar noch mehr erwärmt haben, was wiederum auf eine signifikante 
Absenkung der Thermokline hindeutet. 
Konzentrierend auf die Zeitspanne von November bis April (mittlere bis niedrige Flußraten), 
ergibt ein Vergleich der Partikelflüsse im Peru-Chile Strom bei normalen- (1993/94) und El 
Nino Bedingungen (1991/92) kaum Variationen im Gesamtfluß und in der zeitlichen Abfolge 
untergeordneter Flußereignisse. Erhöhte Anteile von organischem Kohlenstoff und lithogenem 
Material während der El Nino Bedingungen werden im Sinne von abweichenden 
Sedimentationsbedingungen (bevorzugtes scavenging der organischen Substanz durch erhöhte 
Lithogenflüsse) und nicht durch erhöhte Produktivität interpretiert. Höhere Flüsse lithogenen 
Materials sind in El Nino Jahren durchaus möglich, da erhöhte Niederschläge im ariden bis 
semiariden Nordchile zu gesteigertem kontinentalen Oberflächenabfluß und Flußeintrag führen 
können, die die Sedimentation von organischer Substanz (via particle loading) begünstigen 
können. 
Unter normalen Bedingungen (1993/94) sinken im Peru-Chile Strom täglich durchschnittlich 
4000 Schalen planktischer Foraminiferen >150um pro m2 zum Meeresboden, wodurch dieses 
Meeresgebiet als eines der wichtigsten Hochproduktionsgebiete im Pazifischen Ozean und 
wahrscheinlich im Weltozean gekennzeichnet ist. Selbst während des "El Nino" Jahres 
(1991/92) ist der 6-Monatsdurchschnitt des Foraminiferenflusses mit 3000 Schalen pro Tag 
und m2 im regionalen Vergleich (Ostpazifik) noch sehr hoch. 
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Die unterschiedliche Hydrographie während El Nino und während normaler Bedingungen 
spiegelt sich ebenfalls in der Faunenzusammensetzung der planktischen Foraminiferen wider. 
G siphonifera, G. crassaformis und P. obliquiloculata sind in ihrem Auftreten auf El Nino 
Bedingungen beschränkt, während die Flüsse von N. dutertrei deutlich erhöht sind. Im 
Gegensatz dazu, sind andere Arten, wie z.B. N. pachyderma (sin), häufiger unter normalen 
Bedingungen. G. uvula tritt sogar ausschließlich unter normalen Bedingungen auf. 
Diese umfangreichen Daten über die heutige Sedimentation planktischer Foraminiferen im 
Peru-Chile Strom bilden die Grundlage für die Rekonstruktion der Paläoumweltbedingungen 
für diese Region. Informationen über die Entwicklung der Umweltbedingungen wurden aus 
fossilen Foraminiferengemeinschaften gewonnen, die dem Sedimentkern 17748-2 aus dem 
Valparaiso Becken am chilenischen Kontinentalhang entnommen wurden. 
Anhand von 14C-Datierungen (AMS) und der Sauerstoffisotopenstratigraphie ließ sich für 
diesen Kern ein verläßlicher chronostratigraphischer Rahmen erstellen. Für die Kernbasis ergab 
sich dabei ein Alter von 13.300 Jahren. Betrachtet man den Foraminiferenfluß, wie er sich in 
der Akkumulationsrate planktischer Foraminiferen widerspiegelt, so sind während der letzten 
13.300 Jahre deutliche Veränderungen im Foraminiferenfluß und somit auch in der 
Produktivität des Oberflächenwassers aufgetreten. In den ältesten untersuchten Sedimenten 
1 1 
(> 11.800 Jahren) betrugen die Flüsse durchschnittlich 10-20 Schalen >150 um cm" a", wobei 
aber zu berücksichtigen ist, daß diese Sedimente zum Teil durch Umlagerungsprozesse 
beeinflußt sind. Die höchsten Flüsse (10-30 Schalen >150 um cm'2 a"1) traten zwischen 11.800 
und 9.700 Jahren vor heute auf. Die jüngeren Ablagerungen sind dagegen durch deutlich 
niedrigere Flüsse (<5 Schalen >150 um cm'2 a"1) gekennzeichnet, die im Verlauf des Holozäns 
kontinuierlich abnahmen. 
Betrachtet man die Faunenzusammensetzung in diesen Sedimenten, so wird deutlich, daß zu 
den Zeiten höherer Foraminiferenflüsse auch die relativen Anteile der Arten, die den 
Sedimentfallenuntersuchungen zufolge typisch für Auftriebsbedingungen sind (z.B. N. 
pachyderma (sin.) und G bulloides), am größten sind. Während des Holozäns nimmt der 
Anteil dieser Arten deutlich ab, wohingegen der Anteil von N. pachyderma (dex), die 
besonders während Zeiten mit einer stratifizierten Wassersäule hohe relative Anteile aufweist, 
kontinuierlich zunimmt. Diese Daten deuten auf eine deutlich größere Auftriebsintensität und 
Produktivität während der Abschmelzphase hin, als es später im Holozän der Fall war. 
Interessant ist das plötzliche Auftreten von N. dutertrei ab ca. 10.600 Jahren vor heute. Da 
diese Art im Untersuchungsgebiet unter El Nino Bedingungen wesentlich häufiger vorkommt 
als unter normalen Bedingungen, wird angenommen, daß die Anzahl und/oder die Intensität 
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von El Niflo Ereignissen während des Holozäns deutlich größer war, als während der 
Abschmelzphase. Wahrscheinlich spiegelt das Verhalten von N. dutertrei auch einen größeren 
Einfluß von Subtropischen Oberflächenwasser, wie es heute mit dem Peru-Chile Gegenstrom 
in das Arbeitsgebiet transportiert wird, wider. 
Vor 3.000 Jahren trat dann wiederum ein deutlicher Wechsel in der Faunenzusammensetzung 
auf. Während des jüngsten Holozäns war N. dutertrei die dominierende Art, bei gleichzeitig 
erhöhten Anteilen von N. pachyderma (sin.) und G. glutinata. Signifikant abgenommen hat in 
dieser Zeit der Anteil von N. pachyderma (dex.). Im Hinblick auf die Sedimentfallenergebnisse 
deuten diese Daten auf sehr variable Umweltbedingungen, die zwischen Auftrieb einerseits und 
Warmwassereinfluss andererseits schwanken. Diese Variabilität wurde wahrscheinlich durch 
eine Intensivierung des El Nino Systems ausgelöst, das seit ca. 3.000 Jahren auch in den 
kontinentalen Ablagerungen verstärkt Spuren hinterlassen hat. 
Insgesamt läßt sich die Entwicklung des Peru-Chile Stromes während der letzten 13.300 Jahre 
in drei Abschnitte einteilen. Der erste Abschnitt zeichnet sich eine durch relativ hohe 
Produktivität im Oberflächenwasser aus, die auf einen verstärkten Küstenauftrieb 
zurückzufuhren ist. Wahrscheinlich hat sich diese erhöhte Produktivität und die damit 
verbundene erhöhte Ablagerung von organischem Kohlenstoff auch auf die C02-Bilanz des 
Peru-Chile Stromes ausgewirkt. Während des frühen und mittleren Holozäns scheinen sich die 
Umweltbedingungen im Peru-Chile Strom bei vergleichsweise geringen Produktivitäten nur 
wenig verändert zu haben. Dieses generelle Muster gilt auch für die letzten 3.000 Jahre, wobei 
dieser Zeitraum aber durch häufigere und intensivere El Nino Ereignisse geprägt gewesen ist. 
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5. AUSBLICK 
Die vorliegenden Daten über die heutige Sedimentation planktischer Foraminiferen im Peru-
Chile Strom erlauben bereits eine detaillierte Analyse des Zusammenspiels von 
Wassersäulenstruktur, Küstenauftrieb, Produktivität und Sedimentation in diesem 
Hochproduktionsgebiet. Unzureichend erfaßt sind bisher allerdings die El Nino Bedingungen 
und die davon unabhängige interannuelle Variabilität, wie sie wahrscheinlich zwischen 
normalen Jahren zu beobachten ist. Um dieses Manko auszugleichen und um zu verläßlichen 
Durchschnittswerten über die Sedimentation im Peru-Chile Strom zu kommen, wäre die 
Analyse von mehrjährigen Zeitreihen wünschenswert. Eine bessere Kenntnis der interannuellen 
Variabilität würde auch die Rekonstruktion der Paläoumweltbedingungen erleichtern, bzw. 
verbessern. 
Für die letzten 13.300 Jahren konnte eine solche Rekonstruktion bereits erfolgreich 
durchgeführt werden. Gerade vor dem Hintergrund der parallel zu den spätquartären 
Klimazyklen verlaufenden Schwankungen des C02-Gehaltes der Atmosphäre wäre auch hier 
eine Verlängerung der Zeitreihen über mindesten einen ganzen Glazial/Interglazialzyklus von 
besonderer Wichtigkeit. Desweiteren wäre eine größere Abdeckung des Peru-Chile Stromes 
nach Norden und nach Süden von Interesse, um zu untersuchen, inwieweit mögliche 
Veränderungen der Produktivität das ganze Meeresgebiet betreffen oder nur auf die 
Verschiebung von Auftriebszellen zurückzufuhren sind. 
Für die Beantwortung beider Fragestellungen steht das geeignete Probenmaterial in Bremen 
zur Verfügung. Für die Zukunft ist im Rahmen einer Kooperation des FB Geowissenschaften 
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